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I.  INTRODUCTION 

The  fundamental  importance  of  the  h-on-carbon  thermal  equi- 
librium diagram  in  the  scientific  metallurgy  of  iron  and  steel  and 
its  utility  to  practical  workers  have  long  been  realized,  and  accord- 
ingly this  subject  has  received  attention  from  many  points  of  view 
and  from  many  investigators  during  the  past  two  decades. 

In  view  of  this  fact,  it  might  seem  superfluous  to  add  to  the 
existing  literature  except  for  the  following  considerations :  Earlier 
workers  have  for  the  most  part  confined  their  attention  to  special 
portions  of  the  diagram  or  to  disputed  questions  of  theory.  Their 
thermal  studies  have  not  been  carried  out  with  the  degree  of 
accuracy  now  attainable.  They  have  practically  without  ex- 
ception employed  commercial  materials  of  varying  ^egrees  of 
purity.  In  two  papers  published  in  1913  *  Prof.  H.  M.  Howe,  as 
a  result  of  a  thorough  examination  of  the  literature,  has  fixed  the 
most  probable  position  of  the  equilibrium  lines.  His  net  con- 
clusions are  that  '*  this  calculated  line  is  not  entitled  to  great  weight 
because  of  the  weakness  of  the  evidence,"  and  that  "much  better 
data  are  needed,  reached  with  pure  materials  and  with  the  many 
causes  of  error  reduced  to  a  minimum."  In  Table  i,  compiled 
from  Prof.  Howe's  papers,  are  given  analyses  of  the  materials 
used  in  some  of  the  more  important  recent  investigations.  A 
glance  at  the  table  will  show  the  justice  of  the  conclusions  quoted 
above.  The  analyses  are  incomplete  even  for  the  impurities  ordi- 
narily determined,  and  entirely  ignore  the  possible  presence  of 
other  impurities,  such  as  Cu  and  Ni;  but  so  far  as  they  go,  they 
indicate  a  very  appreciable  degree  of  contamination  by  S,  Si,  Mn, 
elements  which  we  know  exert  a  marked  effect  on  the  critical 
ranges.  It  may  be  said  that  the  iron-carbon  diagram  has  never 
been  worked  out  with  pure  iron-carbon  alloys.  The  present  paper 
describes  the  preparation  of  a  series  of  high  degree  of  purity,  to 
be  used  as  the  basis  of  a  more  accurate  study  of  the  equilibrium 
diagram  than  has  heretofore  been  attempted. 

>  Aei,  the  Bquiiibrium  TempeFattire  for  Ai  in  Carbon  Steel,  Bull.  Am.  Inst.  Min.  B.,  p.  1066;  Z9zj« 
A  Discussion  of  the  Bzistins  Data  as  to  the  Position  of  Acs,  Bull.  Am.  Inst.  Min.  B.,  p.  Z099. 
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TABLE  1 

Composition  of  InnHCwbon  Allofs  Used  by  Various  InTOstigalors  in  Deftenninatioos 

of  Critical  Points 


Re. 

Atttherity 

Date 

- 

Compoaltion  of  speclmeoa 

C 

Si 

BCn 

P 

8 

1 

Carpenter  and  Keeling  o 

1904 

Percent 
0.38 

1.85 

3.98 

4.50 

2.63 

2.85 

2.85 

.39 

.95 
1.14 

Percent 
0.06 

.09 

Percent 
Trace. 

Percent 
0.03 

Perc«al 

0.01 

2 

do 

3 

do 

4 

do 

.12 

5 

do 

5A 

do 

6 

do   ..                         .         ' 

> 

Trace? 
.03 
.06 
.40 

7 

Hevn  6 

1904 

.04 
.04 
.09 

8 

do 

9 
10 

Roeenhafai  c  (on  Brayabaw*!  iteel  A2) 
do 

1910 

.014 

.018 

11 

Benedkks'' 

1908 
1903 

1.00 
.64 
.64 
.93 
.93 
1.50 
1.15 
1.16 
1.14 
.23 
.92 
.027 
.105 
.214 
.227 
.235 

.382 

.40 

.563 

.59 

.73 

.92 

.25 

12 

Ctaarpf  and  Orenet  < 

13 

do 

14 

do 

15 

do 

16 

do 

17 

Bray^haw  /  Wo.  W4 

1910 
1910 

.21 

.10 

.09 

.039 

.14 

.31 

.37 

.40 

.05 

.123 

.26 

.24 

.05 

.05 

.05 

NU. 

.22 

.16 

.15 

.17 

.07 

.123 

.Olli: 

.014 

.014 

.013 

.009 

.005 

.015 

.013 

.013 

.013 

NU. 

.01Z± 

18 

BraTihav  No.  W2 

.023 

19 

Brayihav  No.  A2. 

.018 

20 

Levy  ff 

1913 
1912 
1913 

.010 

21 

Levy 

.011 

22 

Howe  and  Levy  ^ 

.024 

23 

do 

.013 

.039 

.039 

.039 

.050 

.027 

.103 

.18 

.144 

.141 

.14 

.028 

24 

do 

.010 

25 

do 

•010 

26 

do 

.010 

27 

do 

.007 

28 

do 

.004 

29 

do 

.014 
.013 
.018 
.012 
.009 

.012 

30 

do 

.013 

31 

do 

.013 

32 

.019 

33 

do 

.011 

o  Carpenter  and  Keeling.  Journal  Iran  and  Steel  Inst.,  06,  p.  944;  1904,  No.  x;  Collected  Rcscardict  of 
the  Nat 'I  Phys.  Lab..  1«  p.  337  . 
ft  Heyn.  Verh.  dci  Vereins  nir  Bcfdrderang  dci  Gewerbfleiiaes.  p.  571;  1904. 
e  Rosenhain.  Proc.  Inst.  Mecfa.  Bngrs.,  p.  688;  29x0.  parts  z  and  2. 

*  Bcncdidcs.  Jour.  Iran  and  Steel  Inst.,  77*  p.  3x8;  X908,  No.  a. 

*  Charpy  and  Grenct,  Bnllcdn  Sec.  d'Encouragcment  pour  I'lndustrie  Nationale,  p.  480;  1903,  No.  i. 
/  Brayshaw.  Proc.  Inst.  Mech.  Bngrs..  pp.  535,  537. 656, 670;  19x0,  parts  i  and  3. 

9  Howe,  Bull.  Amer.  Inst.  Min.  Engrs.,  p.  zo68;  Z9X3,  No.  x. 

A  Howe  and  Levy,  Bull.  Amer.  Inst.  Min.  Bngrs.,  p.  X076;  xgxst  No.  x. 
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For  the  production  of  pure  iron  on  a  fairly  large  scale,  the  elec- 
trolytic refining  method  was  obviously  most  suitable  and  was  there- 
fore adopted  in  this  work.  Pure  carbon  was  made  by  calcining 
in  a  Dixon  graphite  crucible  the  pure  sugar  used  as  stock  for  Bureau 
of  Standards  analyzed  sample  No.  1 7.  The  latter  contams,  as  the 
only  impurity  of  importance  for  present  piUTposes,  0.003  per  cent 
ash,  and  the  carbon  obtained  from  it  has  an  ash  content  of  0.17 
per  cent. 

IL  MAKING  THE  ELECTROLYTIC  IRON 

The  electrol3rtic  method,  using  soluble  anodes,  has  been  fre- 
quently employed  in  similar  investigations'  and  its  essentials 
are  well  known,  so  that  we  give  details  only  for  the  sake  of  com- 
pleteness and  because,  in  one  respect,  our  method  deviates  from 
that  usually  followed,  namely,  in  the  use  of  porous  anode  compart- 
ments. The  first  iron  was  made  on  a  small  scale.  The  essential 
details  of  the  bath  are  as  follows :  Two  cylindrical  anodes  of  ingot 
iron '  about  2  inches  in  diameter  by  5  inches  long,  contained  in 
porous  clay  cups ;  three  cathodes  of  sheet  iron,  each  4  inches  square ; 
electrolyte,  25  to  30  per  cent  FeCla  solution  (made  by  dissolving 
the  ingot  iron  in  chemically  pure  hydrochloric  acid),  prepared  as 
nearly  neutral  as  possible;  cmrent  density  about  0.5  to  0.7  ampere 
per  square  decimeter;  temperature  during  electrolysis  approxi- 
mately that  of  the  room.  No  attempt  was  made  to  determine  the 
yield  or  to  secure  high  cmrent  efl&ciency.  Good  adherent  deposits 
were  obtained,  the  greatest  thickness  being  about  0.5  cm.  Owing 
to  the  unfavorable  current  distribution  when  working  with  anodes 
and  cathodes  of  such  unequal  sizes,  the  thickness  of  deposit  was 
not  uniform  all  over  the  plates.  Qualitative  tests  of  the  sludge 
from  the  anode  cells  showed  that  there  was  an  accumulation  of 
manganese  and  copper  derived  from  anodic  impurities.  The 
porous  cups  therefore  seemed  to  be  of  service  in  preventing  anode 
impiuities  from  migrating  to  the  cathodes,  and  they  were  accord- 
ingly used  in  one  of  the  larp^er  baths  to  be  described  later.  In 
another  similar  tank  the  cups  were  omitted.  Table  2  shows  that 
the  cathode  deposits  from  the  bath  without  the  cups  were  a  little 
higher  in  copper  than  the  others  but  were  otherwise  of  similar 

s  See  bibliography  at  end  of  this  paper. 

*  Aaalytts  as  follows:  C,  0.0x6;  8,  o.oaa;  Mn,  0.039;  Pi  o.oox;  Si»  0.00a;  aad  Cu,  0.15. 
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quality.  It  was  found  that  there  was  much  oxidation  of  the  sur- 
face layers  of  electroljrte  as  the  electrolysis  went  on,  resulting  in 
the  production  of  basic  salts  of  iron,  which  floated  in  the  bath  and 
which  migrated  to  some  extent  to  the  cathodes.  With  the  inten- 
tion of  avoiding  or  minimizing  this  oxidation,  the  small  bath  was 
provided  with  a  hydraulically  sealed  cover  having  windows  for 
observation  and  conduits  for  the  cturent  leads.  The  air  in  the 
space  over  the  electrol3rte  was  displaced  with  purified  carbon 
dioxide  and  the  electrolysis  conducted  as  before.  This  method 
led  to  no  marked  improvement  and  it  was  abandoned,  especially 
as  there  seemed  to  be  a  tendency  toward  higher  percentages  of 
carbon  in  the  cathodic  deposits.  Although  the  greater  part  of 
the  sediment  settled  to  the  bottom,  the  bath  was  never  quite  free 
from  turbidity  caused  by  these  basic  salts,  and  there  is  no  doubt  that 
the  deposits  were  contaminated  by  them  in  slight  degree.  This 
was  of  no  consequence,  inasmuch  as  these  imptuities  were  either 
volatilized  or  were  reduced  to  iron  in  subsequent  melting  opera- 
jtions.  The  analysis  of  the  iron  stripped  from  cathodes  of  the  small 
electrolytic  bath  is  given  in  Table  2.    About  2  or  3  kg  was  made 

in  this  bath. 

TABLE  2 


Analyses  of  Electrolytic  Iron  from  Various  Sources 

Somce 

c 

s 

P 

BCn 

Si 

Ca 

Nland 
Co 

Total 
impurity 

Analyeif 

!•,» 

2«,» 

3<l,» 

4< 

Percent 

0.004 
.004 
.004 
.004 
.063 
.008 
.008 
.009 

Pef  cent 

0.002 

.003 

.006 

.004 

.002 
Trace 

.004 

.003 

Percent 

• 

Trace 
Trace 
Trace 
Trace 
0.005 
.002 
Trace 
Trace 

Percent 
Trace 
Trace 
Trace 
Trace 
0.009 
.009 
Trace 
Trace 

Percent 
0.003 

.006 

.008 

.005 

.005 

.014 

.006 

.006 

Percent 

0.006 
Trace 

.006 

.008 

Percent 
0.011 

.011 

.011 

.011 

Percent 
0.026 

.024 

.035 

.033 

.084 

.033 

.029 

.024 

B.8. 
B.S. 
B.S. 
B.S. 

5/ 

Mflller 

60 

Stead 

7» 

.011 
.006 

B.S. 

Bi 

B.  S. 

*  B.  S.  (with  porous  cupo). 

A  Bureau  of  Standards  analysis  of  anodes  from  whldi  this  iron  was  made:  C,  0.013  P^  cent;  S,  o.oao  per 
cent;  P,  0.003  per  cent;  Mn,  0.095  per  cent;  Si,  0.003  por  cent;  Cu,  0.024  P^  cent;  and  Ni+Co,  o.oai  per 
cent.    (Cf .  Burgess  and  Crowe,  tiiis  Bulletin,  10«  p.  34a;  19x4. 

*  B.  S.  (with  porous  cups). 

'  B.  S.  (without  porous  cups). 

*  B.  S.  (from  small  tank). 

/  A.  Mfiller,  Metallurgie,  6,  p.  zsa;  1909. 
9  H.  C.  H.  Carpenter. 
h  l^angbein-Pfanhauser. 
iCV,  Burgess. 
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The  large  electrolytic  bath  is  shown  in  Kig.  i.  The  anode  cups 
were  molded  from  a  mixture  of  equal  parts  by  volume  of 
alundum  cement  and  of  clean  white  Ottawa  sand;  after  careful 
drying  in  an  oven  the  cups  were  burned  at  a  temperature  of  looo" 
to  iioo*  and  were  then  found  to  have  a  satisfactory  degree  of 
porosity.  The  current  density  during  electrolysis  varied  from 
0.3  to  0.4  amperes  per  square  decimeter.  The  electrolyte  con- 
tained 23.3  per  cent  FeClj  (made  from  the  ingot  iron  previously 


Fig.  I. — Tank  for  preparing  tlecitolylic  iron 

described)  and  10.3  per  cent  NaCl,  and  was  nearly  neutral. 
Analyses  of  electrolyte  from  the  anode  and  cathode  compart- 
ments made  after  a  week's  run  were  as  follows: 


Aaode 

Catbods 

ftM 

The  character  of  the  deposits  is  shown  by  Figs.  2,  3,  and  4. 
Deposits  of  5  to  7  mm  thickness  were  obtained;  the  characteris- 
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tics  of  these  were  about  the  same  as  of  those  made  in  the  smaller 
bath.  They  were  very  hard  and  brittle  in  consequence  of  contami- 
nation by  hydrogen.  On  removal  from  the  bath  and  after 
washing  with  distilled  water  they  corroded  rapidly  in  the  air. 
No  account  was  taken  of  this  surface  oxidation,  inasmuch  as  the 
iron  was  to  be  used  for  making  iron-carbon  alloys  in  such  a  way 
that  the  oxidized  compounds  of  iron  would  be  reduced  to  metal 
Bnd  the  hydrogen  expelled.  About  1 2  to  1 5  kg  of  iron  was  made 
for  use  in  preparing  the  alloys.  In  Table  2  are  given  analyses 
of  this  iron  made  with  and  without  the  use  of  porous  anode  com- 
partments, and  for  comparison  analyses  of  electrolytic  iron  from 
other  sources. 

in.  MELTING  THE  ELECTROLYTIC  IRON 

The  next  step  for  the  further  utilization  of  the  electro-deposited 
iron  is  to  melt  it  into  ingots.  As  already  stated,  the  material 
as  taken  from  the  bath  is  brittle  and  is  contaminated  with  occluded 
chlorides  from  the  electrolyte,  with  hydrogen,  and  with  oxidized 
compounds  of  iron.  Annealing  at  600°  to  800^  suffices  to  remove 
most  of  the  hydrogen  and  some  of  the  chlorides;  this  renders  the 
iron  more  malleable  and  resistant  to  corrosion,  but  to  attain  a 
still  higher  degree  of  purity  and  to  simplify  subsequent  operations 
the  iron  must  be  fused,  preferably  in  a  reducing  atmosphere,  and 
held  in  a  state  of  fusion  for  some  minutes.  Owing  to  the  high 
melting  point  of  iron  (1530*^),  to  its  strong  tendency  to  combine 
with  or  to  be  contaminated  by  substances  likely  to  be  present  as 
vapors  in  electrically  heated  f lu-naces  (Si,  S,  C,  Pt,  and  the  like) , 
or  as  gases  in  the  products  of  combustion  of  a  fuel-fired  furnace 
(CO,  SO2,  SOj,  CO2,  HjO),  and  especially  because  of  the  corrosive 
action  on  crucibles  of  molten  oxides  of  iron,  with  resulting  possible 
contamination  of  the  melt  by  slags,  etc.,  it  is  evident  that  great 
care  must  be  taken  in  the  choice  of  furnaces  and  crucibles  for  work 
of  this  kind.  While  it  is  true  that  iron  in  the  molten  condition 
containing  as  little  as  o.i  to  0.2  per  cent  of  the  impurities  ordi- 
narily determined  has  been  produced  commercially  for  some 
time,  the  conditions  of  laboratory  preparation  on  a  small  scale 
are  entirely  different  and  lead  to  new  difficulties:  (i)  Contamina- 
tion by  the  hearth,  or  crucible  material,  or  by  gases  is  less  in 


8 


Bulletin  of  the  Bureau  of  Standards 


[va.  IS 


I 

I 


•a. 

I 


I 


large-scale  operations, 
owing  to  the  relatively- 
smaller  surface  exposed 
compared  with  the 
weight  of  metal  being 
handled;  (2)  additions, 
such  as  ferroalloys, 
altmiinum,  or  titanium 
for  purification  of  the 
melt,  as  used  com- 
mercially, are  not  per- 
missible in  an  investi- 
gation of  this  kind ;  (3) 
the  use  of  slags  for 
protection  from  the 
products  of  combustion 
or  for  eliminating  im- 
purities and  controlling 
composition  in  desired 
ways  is  excluded.  The 
importance  of  the  con- 
ditions for  melting  pure 
iron  and  its  alloys  to 
seciure  products  of  very 
high  purity  does  not 
seem  to  have  been  rec- 
ognized sufficiently  in 
the  past,  and  we  shall 
therefore  give  full  de- 
tails of  our  methods. 

1.  PUimACES 

(a)  E1.ECTRIC  Fur- 
naces.— For  ease  and 
convenience  of  manip- 
ulation a  furnace  used 
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for  melting  pure  iron  should  maintain  continuously  a  temperature 
of  not  less  than  1600®.  The  temperature  required  eliminates 
furnaces  wound  with  nickel  or  nichrome;  molybdeniun  or  plati- 
num-wound furnaces  are  not  desirable  for  work  in  high  vacua, 
owing  to  volatiliza- 
tion of  these  metals 
with  resulting  con- 
tamination of  the 
melt  and  destruction 
of  the  heater.  Tung- 
sten windings  could 
no  doubt  be  used,  but 
no  suitable  fmnace 
of  this  type  was  avail- 
able at  the  Bureau. 
Our  work  with  elec- 
tric furnaces  has  been 
confined,  therefore,  to 
those  emplo3dng  car- 
bon in  some  form  as 
resistor.  A  furnace 
of  the  fayptol  type, 
shown  in  Fig.  5,  was 
constructed  and  has 
been  found  satisfac- 
tory. The  Arsem 
vacuum  fiu-nace, 
shown  in  Fig.  6,  was 
extensively  used  and 


is    very    suitable    for    ^^-  ^- — Arsem  furnace  with  crucibU  and  protecting  tube 

work   of   this   char-  *"  ^^* 

acter.  As  this  furnace  has  been  described  elsewhere  *  we  omit 
details  here.  The  Helberger  crucible  furnace  was  used  for  melt- 
ing some  of  our  alloys.  This  f lu-nace  is  intended  to  be  used  with 
conducting  crucibles,  but  otu:  work  was  done  with  amorphous 
carbon  tubes  as  resistors.  Because  of  the  lack  of  protection  of 
these  from  the  oxidizing  action  of  the  air  their  life  is  incon- 


*  W.  C.  Araem,  Trans.  Am.  Blectrochcm.  Soc.,  •,  p.  153;  2906. 


lO 


Bulletin  of  the  Bureau  of  Standards 


[V0L13 


veniently  short.  The  resistance  of  Acheson  graphite  tubes  was 
found  to  be  too  low  to  permit  the  desired  temperatures  to  be 
reached.  There  were  difficulties  in  securing  good  electrical  con- 
tact between  the  terminals  and  the  resistor  so  that  this  style  of 
furnace  as  used  bv  us  is  not  to  be  recommended  for  work  at  1600° 
or  above.  The  difficulty  common  to  all  the  types  of  electric  fur- 
naces used  (unless  the  precautions  mentioned  later  were  observed) 
was  that  the  melts  were  contaminated  by  volatile  sulphiu-,  silicon, 
or  carbon  derived  from  the  resistors  used.  This  contamination 
was  least  in  the  Arsem  furnace  when  protecting  the  crucible,  as 
shown  in  Fig.  6,  and  was  greatest  in  the  Helberger  furnace  and  in 
the  kryptol  furnace  when  using  amorphous  carbon  as  resistors. 

TABLE  3 
Analyses  of  Bureau  of  Standards  Electrolytic  Iron  after  Melting  in  Various  Furnaces 


Manner  of  meltinz 


OrlgtaiAl  lion  not  melted 

In  kryptol  furnace    filled  with  Acheson 

Craphtte 

In  Helberger  furnace 

In  Araem  furnace 

In  Helberger  furnace  and  remelted  In 

Araem  furnace 

In  gaa  furnace 


Per  cent 

0.004 

.012 


.010 

.009 
.012 


Si 

s 

Mn 

P 

Percent 

Percent 

Percent 

Percent 

0.001 

0.004 

Trace 

Trace 

.01 

.004 

Trace 

Trace 

.014 

.024 

Trace 

Trace 

.007 

.007 

Trace 

Trace 

.004 

.005 

Trace 

Trace 

.003 

.02 

Trace 

Trace 

Ctt 


Percent 


0.012 


Table  3  shows  the  amounts  of  contamination  introduced  by- 
melting  pure  iron  in  various  types  of  furnaces.  An  analysis  of 
the  amorphous  carbon  used  as  J&Uing  material  in  the  kryptol 
ftunace  and  for  the  resistor  tubes  of  the  Helberger  furnace  showed 
0.75  per  cent  sulphur  and  0.07  per  cent  silica.  The  high  sulphur 
in  the  amorphous  carbon  resistors  is  due  to  the  use  of  petro- 
leum coke  in  their  manufacture.  Analyses  of  best  grades  of 
petroleum  coke  obtained  by  the  Geological  Survey  showed  per- 
centages of  sulphur  ranging  from  0.63  to  1.37  per  cent.  After 
having  discovered  these  defects  in  amorphous  carbon  we  discon- 
tinued its  use,  employing  granular  Acheson  graphite  of  the  best 
grade  for  the  kryptol  furnace  and  a  graphite  spiral  for  the 
Arsem  furnace.     A  resistor  from  the  Arsem  ftunace  contained 
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0.02  per  cent  sulphur  and  0.03  per  cent  silica.  The  results 
were  satisfactory.  It  may  be  concluded  that  if  carbon  resist- 
ance furnaces  are  intended  for  making  melts  with  minimum 
contamination  by  volatile  substances  from  the  heating  element, 
the  best  material  available  at  present  is  first-quality  graphite; 
and  that  the  resistors  should  be  carefully  analyzed  to  insure 
against  impurity  before  installing  them  in  the  furnace.  It  is 
further  evident  that  if  the  refractory  walls  of  the  furnace  are 
in  immediate  contact  with  the  heater,  the  former  should  be 
made  of  material  not  likely  to  react  with  the  heated  carbon. 


Fig.  7 — Small  gasfufnac4  with  preheaUr 

Such  reaction  would  cause  not  only  possible  contamination  of 
the  melt,  but  also  irregularities  in  the  working  of  the  furnace. 
For  this  reason  ordinary  fire  clay  or  silica  bricks,  or  any  others 
containing  silica  in  considerable  amount,  are  excluded.  In  our 
own  kryptol  fiunace  commercial  magnesite  bricks  were  used,  and 
while  they  were  not  all  that  could  be  desired  they  proved  service- 
able, provided  the  resistor  was  renewed  occasionally. 

(b)  Gas  Furnaces. — Two  types  of  gas  furnace,  ^own  in 
Figs.  7  and  8,  were  used  and  no  difficulty  was  experienced  in 
maintaining  the  necessary  temperatures.  The  furnace  shown  in 
Fig.  7  was  a  standard  type  except  in  respect  to  the  blowpipe, 
which  is  similar  to  that  used  in  tool  forges,  or  for  brazing  purposes. 
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A  preheater  raised  the  temperature  of  the  necessary  volume  of 
air  to  about  350°.  In  some  experiments  made  with  this  furnace 
pure  platinum  wire  was  melted,  indicating  that  a  temperature  in 
excess  of  1750°  had  been  attained.  The  refractory  lining  sup- 
plied by  the  manufacturers  was  found  to  have  a  very  short  life 


FlO.  8 — Stafaa  canAustion  crtuibU furnace 

under  these  conditions,  so  that  we  later  covered  it  with  alundum 
cement,  or  with  a  mixture  of  alundum  cement  and  clay,  which 
prolonged  the  life.  The  surface  combustion  furnace  (Fig.  8) 
proved  to  be  very  suitable.  This  furnace  has  already  been 
illustrated  and  briefly  described.'  The  same  trouble  was  expe- 
rienced with  the  original  refractory  lining,  and  repairs  were 
again  made  with  alundum  and  clay.     The  highest  temperature 
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readied  in  this  furnace,  1670^,  was  obtained  when  burning  about 
180  cubic  feet  of  city  gas  per  hour.  In  using  this  type  of  furnace 
for  pure  melts,  the  crucible  must  be  protected  from  the  large 
amoimt  of  very  fine  dust  blown  out  of  the  contact  material  during 
operation. 

2.  CRUCIBLBS 

A  few  preliminary  experiments  with  clay  crucibles  showed  that 
it  would  be  out  of  the  question  to  use  these  for  melting  pure 
iron-carbon  alloys.  The  clays  used  for  making  the  crucibles 
which  we  tried  were  not  sufficiently  refractory  and  were  badly 
corroded  by  the  iron  oxide  which  coats  the  surface  of  all  melts 
made  in  gas-fired  furnaces.  This  did  not  occur  in  the  electric 
furnaces,  but  here  the  reducing  atmosphere,  which  prevented 
oxidation,  also  caused  the  introduction  of  relatively  large  amounts 
of  silicon  from  the  clay.  Alundum  crucibles  were  tried,  but  gave 
the  same  trouble  as  those  of  clay.  Crucibles  made  of  electrically 
fused  or  sintered  magnesia  from  two  different  sources  were  given 
a  trial  in  the  various  types  of  furnaces,  but  with  these  also  there 
was  more  contamination  of  the  melts  by  silicon  than  seemed 
desirable.     (See  Table  4.) 

TABLE  4 
Alloys  Made  in  Crucibles  of  Commercially  Pure  Iffagneaia 


P27. 
P28. 
P29. 
P41. 
P39. 
P31. 
P32. 
P33. 
P35. 
P37. 
P40. 
P42. 
P36. 


Method  of  nMttiiig 


G«i  and  manim  fsmacM 

do 

do 

Sfaiglo  mott  in  Helbofgor  furnaoo. . . 
Moiled  twice  in  Helberfer  fttmeee. 
HeltMrger  and  vacanm  flornaoet. . . . 

do 

do 

do 

do 

do 

do 

Melted  twice  in  kfyptol  inniaee.... . 


c 

Si 

Pefeent 

Per  cent 

0.S84 

0.056 

.023 

.029 

.367 

.015 

.886 

.024 

.688 

.054 

.210 

.032 

.232 

.022 

.094 

.041 

.146 

.090 

,088 

.050 

.765 

.033 

.058 

.070 

.927 

.045 

s 


Percent 

0.004 

.030 
.029 
.013 


.020 
.010 
.024 
.029 
.039 
.015 
.016 
.019 


As  it  had  become  evident  that  the  desired  results  could  not  be 
secured  with  any  kind  of  crucible  on  the  market,  we  began  the 
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experiment  of  making  our  crucibles  of  various  grades  of  chemi- 
cally pure  magnesia  calcined  in  the  electric  furnace  at  1600°  to 
1800°.  Although  our  product  contained  usually  not  over  0.05  to 
o.io  per  cent  silica  the  alloys  melted  in  crucibles  made  from  such 
magnesia  still  carried  too  much  silicon.  (See  Table  4.)  Because 
of  the  difficulty  of  seeming  from  chemical  dealers  magnesia  suflfi- 
ciently  low  in  silica,  the  high  cost  of  a  good  grade  of  this  material, 
and  the  need  of  large  quantities  for  several  contemplated  inves- 
tigations, we  dedded  to  prepare  our  own  material.  An  endeavor 
was  made  to  develop  a  method  free  from  too  many  complicated 
manipulations.  As  raw  material  we  used  two  or  three  grades  of 
pharmaceutical  manesium  carbonate  carrying  o.i  or  0.2  per  cent 
silica,  and  later  a  calcined  Grecian  magnesite  with  about  3.5  per 
cent  silica.  Attempts  to  prepare  silica-free  magnesia  from  these 
sources  by  dissolving  them  in  hydrochloric  acid,  evaporating  the 
solutions  to  dr3mess  and  baking,  followed  by  solution  of  the 
MgClj,  filtration  and  precipitation  of  magnesium  carbonate  by 
ammonitun  carbonate  were  not  very  successful  on  the  scale  tried, 
for  the  technique  was  difficult  and  the  product  unsatisfactory,  as 
well  as  expensive. 

TABLES 

« 

Percentage  of  Silica  in  Iffagnesia  from  Different  Sources 


Sooxce 


Calcined  Gredan  magxntaXtt 

Do 

Univenity  of  Dllnois  electrically  cal 

dned  MgO 

Bffagneaiam  altunfaiate  tnbe 

MgO  reagent  (uncalcined)  A 

MgO  reagent  (uncalcined)  B 


SlOt 


Percent 
3.15 
4.61 

1.99 

5.39 

.03 

.07 


Scarce 


Burean  of  Standards  MgO,  prepared 
Irani  acetate. 

Bureau  of  Standards  MgO  calcined 

ingasfumaoe 

Do 

Crocible  made  from  Bureau  of  Stand- 
ards calcined  BlgO 


SlOs 


Percent 

0.006 

.013 
.017 

.025 


After  trials  of  several  other  methods  we  developed  the  follow- 
ing procedure,  which  has  produced  a  magnesium  oxide  carrying 
usually  not  over  o.oi  per  cent  silica,  and  at  low  cost. 

The  Grecian  magnesite  was  dissolved  in  commercial  acetic 
acid  (70  per  cent),  using  a  slight  excess  of  the  latter;  more  of  the 
magnesite  was  then  added  until  the  solution  was  alkaline  to  litmus 
paper,  after  which  the  solution  was  diluted  with  about  twice  its 
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volume  of  water,  the  whole  thoroughly  stirred  and  allowed  to 
stand  m  barrels  for  a  day  or  two;  at  the  end  of  this  time  the 
clear  solution  was  siphoned  off  into  a  large  wrought-iron  basin 
and  rapidly  evaporated  over  a  large  Fletcher  burner,  adding 
fresh  liquid  at  intervals  until  a  sufficient  amount  of  the  magne- 
sium acetate  had  separated.  The  evaporation  was  then  carried 
to  the  point  where  the  solution  solidified  on  cooling,  after  which 
the  decomposition  of  the  acetate  into  oxide  was  effected  by  direct- 
ing the  flame  from  a  large  Teclu  burner  over  the  surface  of  the 
separated  salts.  The  magnesium  oxide  so  obtained  is  con- 
taminated by  carbon,  undecomposed  acetate,  and  a  little  iron, 
but  after  calcining  is  quite  suitable  for  use  in  making  crucibles. 
The  calcining  was  done  in  large  gas  furnaces  which  gave  a  tem- 
perature of  approximately  1550*^.  The  magnesia,  as  taken  from 
the  iron  basin,  was  moistened  slightly  with  water  and  made 
up  into  large  balls,  which  were  placed  inside  an  ordinary  No.  20 
plumbago  crucible  coated  on  the  inside  with  alundum  cement,  or 
lined  with  an  Acheson  graphite  crucible.  The  crucible  was 
carefully  covered  dtuing  the  calcining  operation,  which  lasted 
about  two  hotu^.  As  a  result  of  this  treatment  the  magnesia 
had  shrunk  to  about  one-third  its  original  volume,  all  the  carbon 
had  burned  out,  and  the  silica  content  was  very  slightly  increased. 
We  found  it  important  to  blow  air  through  the  furnace  for  several 
minutes  after  shutting  off  the  gas,  in  order  to  remove  the  last  traces 
of  products  of  combustion  carrying  sulphur.  If  these  are  allowed 
to  remain  in  the  furnace  during  the  cooling  period,  the  magnesia 
takes  up  some  sulphur;  our  best  material  contained  less  than 
o.oi  per  cent  of  this  element.  Calcining  in  the  gas  furnace  at 
the  temperature  named  gives  a  product  which  still  shrinks  a 
little  when  used  in  crucibles  heated  to  higher  temperatiffes,  but 
we  had  no  serious  trouble  with  crucible  failures  on  this  account. 
Two  sizes  of  crucibles  were  used  which,  together  with  the  molds 
employed  for  making  them,  are  shown  in  Fig.  9.  The  calcined 
material  was  mixed  with  about  10  per  cent  by  weight  of  uncal- 
cined  magnesia  and  the  whole  wet  with  water  tmtil  it  formed  a 
pasty  mass.  The  thin  brass  cups  used  for  lining  the  molds  were 
put  in  place  and  there  was  introduced  into  the  mold  a  sufficient 
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amount  of  the  material  (ascertained  by  preliminary  trials) ;  a 
pressure  of  5000  to  10  00c  pounds  per  square  inch  was  applied 
to  the  head  of  the  plunger  and  kept  there  a  minute  or  two  after 
the  plunger  had  been  driven  down  as  far  as  it  would  go.  The 
mold  was  then  opened  by  removing  the  rings,  the  brass  cup  car- 
rying the  crucible  removed,  and  the  plimger  taken  out.  The 
crucibles  were  dried  at  100*  to  120*  for  a  day  and  the  brass  cups 
stripped  off  by  melting  the  solder  from  the  joints.  They  were 
then  either  used  directly  for  melts,  or  after  heating  to  1200"  to 


Fig.  9. — CrueibU  moldt 

1600°  in  a  gas  or  electric  furnace.     The  latter  procedure  is  neces- 
sary for  all  crucibles  that  are  to  be  used  in  vacuum  furnaces. 

IV.  PROCBDURE  IN  MAKING  ALLOYS 

We  first  attempted  to  make  ingots  in  the  following  mamier: 
The  iron  as  stripped  from  the  cathodes  was  dried,  broken  into 
small  pieces,  and  placed  in  the  larger  magnesia  crucibles  (Fig.  9), 
together  with  a  suitable  quantity  of  carbon.  These  were  brought 
gradually  to  temperatures  above  the  melting  point  of  iron  and 
left  in  the  furnace  for  10  or  15  minutes.  After  cooling,  the  cru- 
cibles were  removed  and  broken  away  from  the  ingots.  This 
procedure,  while  apparently  wasteful,  was  necessary  for  several 
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reasons:  (i)  Magnesia  crucibles  are  extremely  fragile  at 
high  temperatures  and  any  attempt  to  handle  them  results  in 
breakage  with  resultant  loss  of  melts;  (2)  with  the  small  mass  of 
metal  which  we  used  (100  g)  it  would  be  impossible  to  pour  suc- 
cessfully ;  and  (3)  even  if  it  could  be  accomplished,  pouring  would 
be  objectionable  because  of  the  added  danger  of  contamination. 
Moreover,  the  loss  of  the  crucible  is  not  serious,  since  the  material 
can  be  recovered  and  worked  up  into  new  crucibles  repeatedly. 

The  ingots  obtained  in  the  manner  above  described  were  found 
to  be  very  imsound  and  full  of  blowholes;  in  this  respect  there 
was  little  diflFerence  between  those  made  in  the  various  furnaces. 
This  seemed  surprising  in  view  of  the  diflFerence  in  atmosphere 
over  the  melt  in  a  gas  fiunace,  where  the  conditions  are  oxidizing 
to  iron,  and  in  an  electric  furnace,  where  carbon  dioxide,  water 
vapor,  or  oxygen — ^the  gases  which  would  oxidize  iron  at  high 
temperattu'es — are  present  only  in  very  small  amounts.  It 
would  thus  appear  that  the  blowholes  in  iron  may  be  caused  by 
carbon  monoxide  as  well  as  by  any  or  all  of  the  other  gases  named, 
and  that  the  maintenance  of  a  reducing  atmosphere  is  no  guar- 
antee of  freedom  from  blowholes.  That  the  melts  made  in  the 
kryptol  furnace  were  made  imder  reducing  conditions  is  evident 
from  Fig.  5,  which  shows  that  the  crucibles  are  completely 
covered  with  carbon  at  all  times;  this  is  further  evident  from  an 
oxygen  determination  made  on  drillings  from  an  ingot  melted 
in  the  kryptol  fvimace.  The  percentage  of  oxygen  in  this  ingot, 
notwithstanding  the  fact  that  no  deoxidizer  had  been  used,  was 
0.03.*  The  weight  of  these  ingots  was  about  100  g.  Fig.  10  (a) 
is  a  photograph  of  a  split  ingot,  showing  the  unsotmd  structure. 

The  introduction  of  a  regulated  amount  of  carbon  into  the  alloys 
gave  a  good  deal  of  trouble.  In  the  gas  furnace  the  amount  of 
oxidizing  gases  was  so  great,  relative  to  the  weight  of  carbon 
introduced,  that  the  latter  was  all  burned  out  before  the  melting 
operation  was  completed,  even  when  special  precautions  were 
taken  to  protect  the  crucibles.  These  difiSculties  were  finally 
overcome  by  using  the  following  procedtu-e,  which  has  been  fairly 
satisfactory:  The  electrolytic  iron  was  first  melted  down  in  the 
larger  crucibles  in  a  gas  or  electric  furnace.    The  ingots  of  pure 

*  We  are  indebted  to  J.  A.  Atii>pcr]e,  mctaUurgist  of  the  American  Rolfing  Mill  Co.,  for  this  analysis. 
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iron  so  made  were  sawed  into  longitudinal  strips  of  convenient  size 
for  insertion  into  the  smaller  magnesia  crucibles  (Fig.  9)  and  the 
necessary  amount  of  carbon  was  added.  The  crucible  was  placed 
in  the  vacuum  furnace  with  the  protecting  chimney  in  place, 
as  shown  in  Fig.  6.  The  furnace  was  evacuated  to  0.2  mm,  and 
the  current  through  the  heater  was  increased  gradually  tmtil  the 
iron  had  melted  and  dissolved  the  carbon;  this  point  was  deter- 
mined by  observation  through  the  window.  As  soon  as  this 
stage  was  reached  a  violent  ebullition  took  place ;  sometimes  the 
contents  of  the  crucible  were  ejected.  We  attribute  this  prin- 
cipally to  the  expulsion  of  gases  from  the  cavities  in  the  ingots. 
In  10  or  15  minutes  the  surface  of  the  mdt  became  quiescent  and 
the  operation  was  ended.  After  cooling,  the  ingots  were  removed 
by  breaking  the  crucibles. 

Fig.  106  shows  the  sound  structure  of  these  ingots,  which  were 
usually  entirely  or  nearly  free  from  blowholes.  After  discarding 
the  surface  down  to  clean  metal,  the  ingots  were  turned  down  to 
the  size  required  for  the  thermal  test  specimens  (Fig.  loc),  retain- 
ing the  chips  for  analysis.  Complete  analyses  of  typical  samples 
are  given  in  Table  6.  For  comparison.  Table  7  is  given,  showing 
the  results  of  attempts  by  two  earlier  workers  to  make  pure  iron- 
carbon  alloys. 

We  are  now  building  a  larger  vacuum  furnace  for  producing 
large  ingots  of  pure  iron  and  iron-carbon  alloys,  which  will  be 
examined  either  as  made  or  after  forging,  rolling,  and  application 
of  heat  treatment  as  to  physical  properties,  magnetic  and  electrical 
characteristics,  resistance  to  corrosion,  and  related  properties. 
Reports  of  progress  in  this  work  will  be  issued  as  they  are  justified. 
Later  we  shall  deal  with  the  effect  of  alloying  elements  other  than 
carbon  on  the  properties  of  iron. 
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TABLE  6 
Analyses  of  Typical  Bureau  of  Standards  Iron-Carboa  Alloys 


c 

SI 

S 

P 

BAn 

Cn 

Hi  and  Co 

Total  Im- 
poritiee 

.    Percent 

Pereeol 

Percent 

Percent 

Per  cent 

Percent 

Percent 

Percent 

0.064 

0.007 

0.009 

Trace 

Trace 

0.020 

a  0.011 

0.047 

.376 

.013 

.009 

Trace 

Trace 

.005 

aO.U 

.038 

.395 

.008 

.013 

Trace 

Trace 

.012 

a.  Oil 

.044 

.597 

.010 

.008 

Trace 

Trace 

.004 

0.011 

.033 

.624 

.004 

.010 

Trace 

Trace 

.008 

a.  Oil 

.033 

.692 

.006 

.011 

Trace 

Trace 

.008 

a.  Oil 

.036 

.860 

.006 

.006 

Trace 

Trace 

.007 

a.  Oil 

.030 

1.087 

.006 

.006 

Trace 

Trace 

.013 

a.  Oil 

.036 

1.797 

.010 

.005 

Tkace 

Trace 

.018 

a.  Oil 

.044 

2.240 

.005 

.005 

Trace 

Trace 

.020 

a. Oil 

.041 

2.560 

.005 

.005 

Trace 

Trace 

.014 

a.Oll 

.035 

3.27 

.006 

.006 

Trace 

Trace 

.016 

«.011 

.039 

A  The  figures  given  for  nidcd  and  cobalt  do  not  represent  individual  determinations  for  each  specimen,  sinoe 
the  amount  of  sample  was  insufficient  to  allow  of  these  being  carried  out.  Four  representative  analyses  on 
purciron  and  iron-carbon  alloys  having  given  the  result  indicated,  it  was  assumed  that  these  elements  were 
present  in  that  amount  in  all  the  samples. 

TABLS  7 
De^ee  of  Contamination  of  Iron  Melts  Made  by  Others 


Bfn 


Maner**  electrelytk  inn 

MflUer'a  eledielytic  Iron  after  remeltlnc  in  vacuo  In 

'*pareMsOcracilil«'*a 

C.  F.  Bniseii^  electrolytic  iren 

C.  F.  Borges^  electrolytic  Iron  melted  with  sugar 

carbon  In  magneela  crucible  by  Howe  b 


c 

Si 

P 

S 

Percent 

Percent 

Percent 

Percent 

0.0630 

0.0053 

0.0045 

0.0024 

.017 

.089 

.028 

.037 

.009 

.006 

<.001 

.010 

2.954 

.040 

.050 

.035 

Percent 
0.0090 

.025 
Trace 

None 


A  A.  MfiUer,  MetaUurgie,  6,  p.  159;  1909. 

b  Howe,  Bull.  Am.  Inst.  Min.  Eng.,  p.  xzz8;  19x3,  No.  1. 

V.  DISCUSSION  OF  THE  SOURCES  OF  CONTAMINATION 

1.  SILICON 

In  our  earlier  experiments,  where  we  were  obliged  to  make 
crucibles  of  magnesia  higher  in  silica  than  that  produced  by  the 
acetate  method  already  described,  we  noted  that  occasionally 
an  alloy  of  very  low  silicon  content  would  result  from  a  melt  made 
in  a  crucible  relatively  high  in  silica.     The  use  of  our  purified 


20 


Bulletin  of  the  Bureau  of  Standards 


[va.  ts 


magnesia  had  eliminated  all  trouble  from  silicon  contamination 
of  melts,  but  we  later  decided  to  make  some  experiments  to  deter- 
mine the  relationship  between  the  introduction  of  silicon  and 
temperature  of  melting.  For  this  purpose  a  series  of  nms  was 
made  in  the  vacuum  furnace  varying  independently  the  tem- 
perature of  melting  and  the  silica  content  of  crucibles.  One  per 
cent  of  carbon  was  added  to  all  these  melts  since  in  the  presence 
of  carbon  there  is  additional  likelihood  of  contamination  due  to 
reduction  of  silica  at  high  temperatures.  The  results  in  Table  8 
show  that  if  the  temperatiu-e  is  not  allowed  to  rise  much  above 
1600°,  crucibles  containing  as  much  as  0.9  per  cent  silica  may 
be  used  safely.  This  is  of  importance  when  a  great  deal  of  work 
is  being  done,  for  it  enables  one  to  use  repeatedly  old  crucible 
material  tmtil  the  silica  becomes  dangerously  high. 

TABLE  8 
Factors  Goyeming  Contamiiuition  of  Melts  by  SUicon 


Tempenture  of  meltiiig 
(dflcroee) 

SlOtin 
cracible 

Si  in 
malt 

TMf  p6ntcif9  of  nioltiiis 

(decroM) 

SiOiin 
crucible 

Si  in 
melt 

1610 

P«rcent 
0.57 

.67 

.75 

.91 

1.14 

1.66 

1.35 

PercMit 
0.007 

.007 

.007 

.006 

.015 

.023 

.032 

1720 

Porcflnt 
1.27 

1.20 

.19 

.24 

.31 

.60 

Percent 
0.040 

1610 

1780 

.042 

1610 

1770 

.007 

1610 

1720 

006 

1610 

1760 

.021 

1610 

1740 

.081 

1650 

2.  SULPHUR 

As  has  been  shown,  contamination  by  sulphur  may  result 
from  the  use  of  gas  furnaces  or  of  petroleum  coke  carbon  in  electric 
furnaces.  On  abandoning  the  use  of  gas  furnaces  and  employing 
Acheson  graphite  as  resistor  material  this  difficulty  disappeared, 
as  is  apparent  from  a  comparison  of  Tables  5  and  7. 

3.  MANGANESE  AND  PHOSPHORUS 

Both  these  elements  have  been  reduced  to  mere  traces  (less  than 
0.00 1  per  cent)  in  all  our  alloys. 
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4.  COPPER 

This  imptuity,  one  of  the  most  difficult  to  guard  against,  is 
present  in  objectionable  quantities  in  some  of  our  melts  and  to 
some  extent  in  all.  The  ingot  iron  used  for  anodes  contains  copper 
which  is  not  completely  removed  in  the  electrol}rtic  refining 
process,  so  that  our  deposits  contain  about  0.005  P^  c^^t  of  this 
element.  This  Cu  persists  through  the  melting  operation,  and 
unless  great  care  is  taken,  more  is  introduced  owing  to  the  use 
of  copper  connections  in  furnaces.  In  particular,  the  copper 
blocks  used  in  the  vacuum  f  tunace  must  be  smooth  and  make  good 
contact  with  the  graphite  heater,  since  any  arcing  causes  the  vapor- 
ization of  considerable  quantities  of  Cu  with  resulting  contamina- 
tion of  the  melt. 

5.  mCKBL  AHD  COBALT 

Our  anode  iron  contains  0.02  per  cent  Ni + Co ;  in  the  electrolytic 
refining  this  is  reduced  to  o.oi  per  cent  which  persists  through  the 
melting  operations. 

6.  xaoubsium 

As  all  otu'  melting  was  done  in  magnesia  crucibles  it  was  thought 
desirable  to  look  for  this  element  as  a  possible  impurity.  Several 
analyses  of  ingots  made  in  the  regular  way  showed  that  Mg  was 
not  present  in  any  determinable  quantity.  A  rather  interesting 
result,  however,  was  obtained  on  analyzing  some  ingots  which  had 
been  melted  at  high  temperatm-es  (over  1700^).  It  was  found 
that  these  contained  appreciable  amounts  of  Mg  (from  0.005  to 
o.oi  per  cent).  Furthermore,  the  samples  were  so  brittle  that 
the  pieces  broke  while  turning  in  the  lathe.  It  appears  at  least 
possible  that  there  may  be  a  direct  coimection  between  the  two 
circumstances,  though  our  present  data  are  not  sufficient  to 
justify  a  definite  conclusion  to  that  effect. 

7.  OZTOBN 

Unfortimately,  the  Bureau  is  not  at  present  prepared  to  make 
accurate  oxygen  determinations  on  this  class  of  material,  but  it  is 
hoped  later  to  publish  analyses  of  some  of  the  alloys  for  this 
element,  if  it  is  found  to  be  present.     In  our  method  of  prepara- 
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tion,  starting  with  an  ingot  already  low  in  oxygen  (see  p.  1 7)  and 
carburizing  in  a  vacuum  fvimace  where  the  carbon  monoxide 
resulting  from  interaction  of  oxides  or  oxygen  with  carbon  would 
be  removed  as  formed,  the  deoxidation  would  tend  toward  com- 
pletion, and  accordingly  the  alloys  should  contain  but  small 
residual  amotmts  of  oxides  and  oxygen. 

VI.  SPECTROSCOPIC  EXAMINATION 

In  order  to  confirm  the  results  of  the  chemical  analyses  for  small 
quantities  of  impmities,  the  arc  spectra  of  a  number  of  samples  of 
iron  and  iron-carbon  alloys  were  studied  by  Dr.  K.  Burns  ^  of 
this  Bureau,  to  whom  we  are  indebted  for  the  data  given  below: 

Magnesium. — ^The  spectra  fully  confirmed  the  chemical  tests.  Line  2851.  i A 
showed  strong  in  two  samples  containing  0.007  and  o.oio  per  cent  mg  while  it  was 
very  faint  or  absent  in  tmfused  irons  and  in  alloys  which  failed  to  give  magnesium 
by  the  chemical  method. 

Silicon. — Line  288 1.5 A  showed  presence  of  silicon  in  the  alloys,  but  unfused  iron 
showed  no  traces. 

Manganbss. — Several  manganese  lines  show  in  various  samples  of  electrolytic 
iron  that  have  been  melted.  These  lines  are  absent  from  the  spectrum  of  unmelted 
electrolytic  iron.  The  faintness  of  the  manganese  lines  as  compared  with  those  given 
by  a  specimen  containing  o.oi  per  cent  of  this  metal  indicate  a  very  low  manganese 
content. 

Chromixtm. — ^The  statements  made  in  regard  to  manganese  also  apply  to  chromium. 

Copper. — ^Lines  3247.7  and  3274. lA  are  always  present  though  so  faint  as  to  be 
questionable  in  unmelted  specimens. 

Nickel  and  Cobalt. — Several  nickel  and  cobalt  lines  show  faintly  in  the  various 
samples. 

In  the  course  of  the  examination  of  the  arc  spectrum  of  pure  iron  several  faulty 
identifications  have  been  corrected: 

2795.542  ascribed  to  magnesitun  is  iron; 
3369.555  ascribed  to  nickel  is  iron  and  nickel; 
3412.347  ascribed  to  iron  is  probably  cobalt;  and 
3443.645  ascribed  to  iron  is  no  doubt  cobalt. 

No  attempt  has  as  yet  been  made  to  clear  up  all  the  doubtful  identifications  in  the 
iron  spectrum;  the  above  list  is  given  to  show  the  possibilities  in  this  direction  which 
may  be  realized  by  means  of  the  use  of  pure  iron. 

Vn.  METHODS  OF  CHEMICAL  ANALYSIS 

The  analyses  recorded  in  this  paper  were  carried  out  according 
to  well-known  principles  with  suitable  precautions,  and  the  methods 
are  given  below  merely  for  reference. 

'  For  an  account  of  the  methods  used,  c.  f.  K.  Bums,  Bull.  Bur.  Standards,  18*  PP.  279-196;  19x6. 
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The  chips  obtained  when  making  the  thermal  test  specimens 
were  thoroughly  mixed  before  weighing  portions  for  analysis. 
Chips  from  high-carbon  alloys  which  contained  admixed  graphite 
were  finely  ground  and  mixed  before  weighing. 

1.  CARBON 

Carbon  was  determined  by  the  barium-carbonate  titration 
method  devised  by  one  of  the  authors.*  The  chips  (i  to  5  g)  were 
burned  in  purified  oxygen,  passing  the  products  of  combustion 
into  a  solution  of  barium  hydroxide;  the  baritun  carbonate  was 
filtered  and  washed  in  an  atmosphere  free  from  carbon  dioxide 
(see  the  original  for  details  of  apparatus  used),  and  the  barium 
carbonate  was  titrated  against  standard  hydrochloric  acid,  using 
methyl  orange  as  indicator. 

2.  SULPHUR 

Sulphur  was  determined  by  dissolving  5  g  of  the  metal,  contained 
in  an  appropriate  evolution  apparatus  having  all  ground-glass 
connections,  in  concentrated  hydrochloric  acid,  the  gases  given  off 
being  passed  into  an  ammoniacal  solution  of  hydrogen  peroxide. 
After  complete  solution  of  the  metal  the  contents  of  the  evolution 
flask  were  boiled  for  10  minutes  while  a  slow  cmrent  of  purified 
hydrogen  was  passed  through  the  solution.  The  ammoniacal 
peroxide  solution  was  transferred  to  a  beaker  and  boiled  a  few 
minutes,  then  the  solution  was  slightly  ovemeutralized  with 
hydrochloric  acid  and  the  sulphur  precipitated  at  boiling  tem- 
perature as  barium  sulphate.  After  digestion  for  a  sufficient 
length  of  time  the  precipitate  was  filtered,  washed,  ignited  and 
weighed,  and  the  percentage  of  sulphur  calculated. 

3.  SIUCON 

Five  to  10  g  of  metal  were  dissolved  in  an  Erlenmeyer  flask  in 
hydrochloric  acid  (equal  volumes  of  water  and  hydrochloric  add 
of  specific  gravity  i  .20) ,  the  solution  evaporated  to  dryness  and  the 
flask  heated  on  the  hot  plate  at  about  200^  for  an  hour.  The 
residue  was  digested  with  hydrochloric  add  of  the  same  strength 
as  that  used  for  dissolving,  the  insoluble  matter  containing  the 

s  J.  R.  Caiii,  DctemiiiiAtson  of  Carbon  in  Steel  and  Iron  by  the  Barium  Carbonate  Titration  Method. 
Bur.  Stand.  Technologic  Paper  No.  33. 
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silica  was  filtered  off,  washed  with  dilute  hydrochloric  acid  and 
water,  igxiited  in  a  platinum  crucible  and  weighed,  after  which  the 
silica  was  volatilized  with  hydrofluoric  acid  and  its  amount  deter- 
mined from  the  change  in  weight  of  the  crucible  after  again 
igniting.    The  results  were  then  calculated  to  silicon. 

4.  PHOSPHORUS 

The  usual  method  of  precipitation  as  ammonitmi  phosphomolyb- 
date  was  employed,  and  the  phosphorus  estimated  by  comparing 
the  volume  of  the  precipitate  with  that  produced  by  treating  a 
standai'd  steel  in  the  same  way. 

5.  MANOANBSB 

The  sodium  bismuthate  method  was  used. 

6.  COPPER 

Ten  to  20  g  of  metal  were  dissolved  in  a  slight  excess  of  hydro- 
chloric or  sulphtuic  acid,  and  hydrogen  sulphide  passed  into  the 
hot  solution  until  all  the  copper  was  precipitated.  The  precipi- 
tate was  filtered  off,  and,  after  washing  the  paper  carrying  it,  was 
transferred  to  a  porcelain  crucible,  and  the  whole  ignited  until  all 
the  carbon  was  burned  off.  A  little  potassium  bisulphate  was 
added  and  the  copper  oxide  brought  into  solution  by  fusion, 
following  by  leaching  with  water  and  filtration.  The  solution 
was  compared  with  a  standard  solution  colorimetrically,  either 
by  the  ammonia  or  ferrocyanide  method,  or  by  both. 

7.  MAGNESIUM 

Ten  to  20  g  of  metal  were  dissolved  in  aqua  regia,  the  solution 
evaporated  to  dryness,  and  dehydrated.  The  residue  was  dis- 
solved in  1:1  HCl  and  silica  removed  by  filtration.  The  iron  was 
extracted  by  the  ether  method.  After  the  removal  of  the  iron, 
hydrogen  sulphide  was  passed  through  the  solution  (acidified  with 
acetic  acid)  to  precipitate  copper,  etc.  Manganese  and  residual 
if  on  were  removed  from  the  filtrate  by  bromine  and  ammonia  and 
the  magnesium  was  precipitated  as  magnesium-ammonium  phos- 
phate. The  accuracy  of  the  above  procedm-e  was  checked  by 
running  duplicates  to  which  small  amounts  of  a  magnesium  salt 
had  been  added. 
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8.  NICSXL  Ain>  COBALT 

The  solution  of  10  g  in  HNO,  +  HCl  was  evaporated  to  dryness, 
dehydrated,  taken  up  with  HCl  of  i.i  specific  gravity,  filtered, 
the  filtrate  evaporated  to  a  small  volume,  and  the  iron  removed 
by  the  ether  method.  Copper  was  precipitated  with  hydrogen 
sulphide,  and  the  iron  and  manganese  in  the  filtrate  were  pre- 
cipitated by  ammonia  and  bromine.  The  filtrate  was  acidified 
with  acetic  add,  and  nickel  and  cobalt  were  precipitated  as  sul- 
phides from  the  boiling  solution.  The  two  metaJs  were  either 
weighed  as  oxides  or  deposited  electrolytically  from  ammoniacal 
solution,  the  two  methods  giving  concordant  results.  The  oxides 
(or  metals)  were  dissolved  in  hydrochloric  add,  the  solution  was 
neutralized,  and  finally  made  add  with  acetic  add  and  the  cobalt 
predpitated  as  ElgCoCNOj),.  After  filtering  and  igniting  this  pre- 
cipitate at  a  low  temperature,  the  cobalt  was  dissolved,  repre- 
cipitated  with  hydrogen  sulphide,  and  finally  wdghed  as  C0SO4. 
The  nickel  was  determined  by  the  dimethylglyoxime  method  in 
the  filtrate  from  the  cobalt.  The  sum  of  these  determinations 
checked  very  closdy  with  the  total  nickd  +  cobalt  found  directly, 

Vm.  SUMMARY 

Methods  have  been  devdoped  for  producing  laboratory  samples 
of  iron-carbon  alloys,  of  a  very  high  degree  of  purity;  sources  of 
contamination  of  mdts  and  means  of  diminating  them  have  been 
described;  a  method  for  producing  magnesia  of  a  satisfactory 
degree  of  pmity  for  making  crudbles  to  be  used  in  work  of  this 
kind  has  been  developed;  a  procedtu'e  for  making  small  ingots, 
which  are  sotmd  and  free  from  blowholes,  without  the  use  of  deoxi- 
dizers  has  been  worked  out.  A  series  of  iron-carbon  alloys  con- 
taining 99.96  per  cent  of  the  two  elements  has  been  prepared,  to 
serve  as  a  basis  for  the  redetermination  of  the  iron-carbon  equi- 
Ubrium  diagram. 

Washington,  November  11,  191 5. 
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INTRODUCTION 

In  the  course  of  the  examination  of  certain  carefully  purified 
organic  compounds  it  was  foimd  that  a  simple,  quick,  and  very 
delicate  qualitative  test  for  water,  showing  approximately  the 
amotmt  present,  can  be  made  in  the  following  manner:  The  sub- 
stance imder  examination  is  placed  in  contact  with  calcium  car- 
bide in  the  presence  of  a  solvent  for  acetylene,  and  any  acetylene 
formed  by  the  action  of  water  is  detected  by  adding  the  resultant 
solution  to  an  ammoniacal  solution  of  cuprous  chloride.  When 
alcohol  or  acetone  is  used  as  the  solvent  for  acetylene  a  clear  col- 
loidal solution  of  an  intense-red  color  is  formed.  Since  this  reac- 
tion appeared  to  present  possibilities  as  a  direct  colorimetric 
method  for  the  determination  of  water,  an  eflFort  was  made  to 
apply  it  for  this  purpose.  The  results  first  obtained  were  very 
discordant,  and  it  soon  became  apparent  that  a  careful  examina- 
tion of  all  the  factors  which  could  affect  the  result  would  be  neces- 
sary before  any  satisfactory  procedure  could  be  devised.  The 
investigation  of  these  factors  has  resulted  in  the  development 
of  a  quick  and  very  sensitive  method  for  the  determination  of 
acetylene.  The  application  of  this  method  to  the  determination 
of  water,  especially  the  determination  of  very  small  amounts  of 
water  in  materials  of  high  ptirity,  which  was  the  primary  object 
of  the  investigation,  has  been  much  less  successful.  The  principal 
sources  of  difl&culty  and  error  in  this  determination  are  pointed  out 
in  the  section  of  the  paper  dealmg  with  the  determination  of  water 
(p.  54) .  The  simpler  qualitative  methods  which  are  also  described 
(p.  56)  have  been  found  very  satisfactory,  however. 

The  development  of  the  method  for  the  determination  of  acety- 
lene will  be  described  in  Part  I.  All  of  the  work  upon  the  detec- 
tion and  determmation  of  water  has  been  brought  together  in 
Part  II,  although  much  of  chis  work  preceded  the  development  of 
the  colorimetric  method  for  the  determination  of  the  gas  itself. 
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Part  I.— THE  DETERMINATION  OF  ACETYUE3NE 

A.  LITERATURE 

The  use  of  an  ammoniacal  solution  of  a  cuprous  salt  for  the 
determination  of  acetylene  appears  to  have  been  introduced  by 
Berthelot.*  The  reagent  was  greatly  improved  for  qualitative 
work  and  its  preparation  much  simplified  by  Ilosvay,'  who  pre- 
pared solutions  of  cuprous  salts  by  reducing  the  corresponding 
cupric  salts  with  hydroxylamine.  Ilosvay's  investigation  was  con- 
fined to  the  preparation  of  the  most  sensitive  qualitative  reagent 
possible.  The  formation  of  a  red  colloid  when  a  small  amotmt 
of  cuprous  chloride  is  added  to  a  solution  of  acetylene  in  water  was 
observed  by  Kuspert,*  but  no  attempt  to  use  the  reaction  for  ana- 
lytical purposes  appears  to  have  been  made  by  him  or  others. 

Before  proceeding  to  make  experiments  upon  a  colorimetric 
method  for  determining  acetylene  it  was  necessary  to  determine 
the  amount  of  acetylene  used  in  such  experiments  by  an  independ- 
ent procedure,  and  Berthelot's  method  of  precipitating  copper  car- 
bide and  determining  the  copper  in  the  precipitate  was  chosen. 
An  examination  of  the  papers  which  have  been  published  describ- 
ing the  method  for  making  this  determination,  together  with 
those  relating  to  the  composition  and  properties  of  copper  carbide, 
leaves  some  doubt  as  to  the  precautions  which  must  be  taken  to 
insure  accuracy.  The  principal  point  concerning  which  there 
appears  to  be  disagreement  is  the  eflfect  of  oxidation  upon  the 
composition  of  the  precipitated  copper  carbide.  When  freshly 
precipitated  in  a  reducing  solution  this  compound  dissolves 
readily,  and,  as  shown  by  Scheiber  and  Reckleben,*  completely  in 
hydrochloric  acid;  but  if  exposed  to  the  air  for  any  considerable 
length  of  time  before  the  addition  of  hydrochloric  acid,  a  black 
insoluble  residue,  a  product  of  partial  oxidation  of  either  acety- 
lene or  copper  carbide,  is  left  behind.  If  this  carbonaceous 
residue  is  formed  directly  from  acetylene,  or  if  its  formation  from 
copper  carbide  is  accompanied  by  the  formation  of  soluble  copper 
salts,  it  is  obvious  that  the  results  obtained  in  the  determination 
of  acetylene  wiU  be  too  low  when  it  is  present.    The  difiiculty  of 

1  Compt.  rrad.,  64,  p.  2070;  i86a.  '  Z.  anorg.  Chem..  84.  pp.  453~454;  1903- 

*  B«.,  84,  p.  697: 1899.  *  Ber.,  44,  p.  aai;  1911. 
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preventing  this  oxidation  is  shown  by  the  fact  that  Keiser's* 
efforts  to  prepare  copper  carbide  free  from  this  substance  were 
unsuccessful  and  that  several  other  experimenters  seem  to  have 
had  a  similar  experience.  Keiser  regarded  the  residue  as  carbon ; 
Scheiber*  determined  its  composition  as  CnHgO,.  While  the 
exact  composition  of  the  residue  has  little  significance  in  con- 
nection with  the  determination  of  acetylene,  its  method  of  for- 
mation is  important. 

It  might  be  inferred  from  the  experiments  of  Keiser  and  those 
of  Soderbaum '  that  at  least  a  part  of  the  residue  is  formed  by 
the  incomplete  oxidation  of  acetylene;  in  this  case,  of  course, 
part  of  the  acetylene  would  be  used  up  and  the  amount  of  copper 
carbide  formed  would  be  less  than  corresponds  to  the  amount  of 
acetylene  absorbed.  However,  Scheiber's  determinations  of  the 
composition  of  copper-carbide  precipitates  containing  a  consider- 
able amount  of  insoluble  matter  showed,  within  narrow  limits,  a 
constant  molecular  ratio  of  copper  to  carbon  of  i :  i .  If  the  insolu- 
ble portion  was  formed  directly  by  the  oxidation  of  acetylene 
and  the  remainder  of  the  acetylene  had  formed  Cu^C),  the  carbon 
would  certainly  have  been  in  excess. 

If,  on  the  other  hand,  the  large  amount  of  carbonaceous  iiesidue 
sometimes  observed  is  produced  by  the  oxidation  of  the  copper 
compound,  one  of  two  conditions  must  exist:  (i)  Either  the 
copper  must  form  some  other  insoluble  compound,  in  which  case 
the  oxidation  would  not  affect  the  subsequent  determination  of 
the  copper,  or  (2)  a  corresponding  amount  of  soluble  copper 
salts  would  be  formed,  which  would  be  removed  in  washing  the 
precipitate,  leading  to  serious  error.  Blochman*  describes  copper 
carbide  as  being  unstable  in  the  air,  and  Schdber  *  found  that  it 
increases  in  weight  when  dried  in  the  air.  Erdmann  and  Ma- 
kowka^^  state  that  the  washed  precipitate  may  be  exposed  to 
the  air  on  a  filter  for  two  or  three  hours  and  then  washed  with 
dilute  acetic  acid  without  a  trace  of  copper  being  dissolved,  but 
if  the  exposure  to  the  air  is  continued  long  enough  the  following 
reaction  takes  place : 

2  CujC,  +  H,0  +40=-  (CHjCOO)  ,Cu  +  3CUO 


A  Am.  Chem.  J.,  14,  p.  aSs;  2892. 
<  Ber.,  41,  p.  38x6;  1908. 
'  Bcr..  to,  p.  76a;  Z897. 


•  Ber.,  7,  p.  74;  1874. 

*  Z.  anal.  Ch.,  48,  p.  537;  2909. 
>*  Z.  anal.  Ch..  4f,  p.  199;  1907. 
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These  authors  state  that  copper  carbide  is  less  subject  than  copper 
sulphide  to  oxidation  by  the  air. 

In  their  work  on  the  formation  of  diacetylenyl  Noyes  and 
Tucker"  found  that  copper  carbide  will  rapidly  reduce  a  solu- 
tion of  cupric  chloride,  the  probable  reaction  being  indicated  by 
the  following  equation: 

2CU  A  +  2CuCl,  -  C^Cu,  +  2CUaCl, 

Practically  all  of  the  observers  of  the  properties  of  copper 
carbide,  except  Blochmann,  who  found  the  compound  easily 
changed  in  air,  seem  to  have  worked  with  a  precipitate  produced 
by  the  complete  precipitation  of  copper  by  an  excess  of  acetylene. 
This  was  certainly  the  case  in  the  experiments  of  Erdmann  and 
Makowka.  Keiser  found  that  copper  carbide  has  a  strong  tend- 
ency to  occlude  substances  in  solution.  If  acetylene  is  occluded 
in  this  manner,  this  fact,  together  with  the  reaction  of  Noyes  and 
Tucker,  would  fully  explain  Erdmann  and  Makowka's  observation 
that  no  copper  is  made  soluble  by  a  brief  exposure  to  the  air,  since 
the  copper  salts  would,  at  first,  be  reprecipitated  by  the  occluded 
acetylene  as  fast  as  formed  by  oxidation.  When,  however,  the 
precipitate  is  formed  in  the  presence  of  an  excess  of  a  cuprous  salt, 
the  formation  of  cupric  salts  would  be  expected  to  take  place 
immediately  on  exposure  to  the  air. 

B.    PRELIMINARY  EXPBRIMBNTS 
1.   SOLUBaiTT  AND  OXIDATION  OF  COPPER  CARBIDB 

Since  the  literatm^  on  the  subject  does  not  make  entirely  clear 
the  effect  of  oxidation  on  the  determination  of  acetylene  by  this 
method,  it  seemed  advisable  to  make  a  few  preliminary  experi- 
ments before  using  the  method  for  the  determination  of  acetylene 
in  the  standard  solutions. 

The  complete  insolubility  of  copper  carbide  noted  by  all  observ- 
ers was  first  confirmed  by  precipitating,  with  an  excess  of 
acetylene,  a  copper-sulphate  solution  which  had  been  reduced  by 
hydroxylamine.  The  precipitate  was  filtered  and  washed  freely 
with  dilute  ammonia  and  with  water.  No  trace  of  copper  could 
be  detected  by  the  use  of  hydrogen  sulphide  in  either  the  filtrate 

or  the  washings. 

■■  ■■■    '^ —  . 

u  Am  Chem.  J..  19,  p.  133;  1897. 
41410«— 16 3 
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In  another  experiment  a  limited  amount  of  acetylene  was 
passed  into  a  cuprous-chloride  solution  containing  hydroxylamine. 
The  precipitate  was  filtered  and  then  washed  with  water  contain- 
ing a  little  ammonia  and  hydroxylamine  without  allowing  air  to 
come  in  contact  with  the  precipitate.  About  200  cc  of  wash 
water  was  required  before  the  washmgs  showed  no  trace  of  copper 
by  the  ferrocyanide  test.  After  this  the  precipitate  was  further 
washed  with  50  cc  of  dilute  ammonia  and  then  with  50  cc  of  water 
in  order  to  remove  hydroxylamine.  The  precipitate  was  then 
covered  with  50  cc  of  dilute  ammonia  of  the  strength  used  for 
washing  and  air  was  bubbled  through  the  liquid,  portions  being 
drawn  off  through  the  filter  from  time  to  time  and  tested  for  copper. 
Potassium  ferrocyanide  gave  a  positive  test  for  copper  almost 
immediately  and  in  the  course  of  about  15  minutes  the  liquid 
was  colored  distinctly  blue  by  dissolved  cupric-ammonium  salts. 
Finally,  the  liquid  was  drawn  off  and  the  precipitate  exposed  to 
the  air  overnight.  When  water  was  added  a  large  amount  of 
cupric  salt  went  into  solution  at  once. 

This  experiment  made  it  evident  that  in  order  to  obtain  accurate 
results  in  the  determination  of  acetylene  by  the  cuprous-chloride 
method  it  would  be  necessary  to  exclude  air  during  the  whole 
procedure. 

In  the  hope  of  avoiding  the  difficulty  of  excluding  air,  experi- 
ments were  made  with  silver  salts  as  a  substitute  for  cuprous 
chloride.  It  was  found  that  the  silver  in  silver  carbide  can  be 
readily  and  accurately  determined;  but  the  reaction  of  acetylene 
with  ammoniacal  solutions  of  silver  nitrate  was  found  to  be  so 
slow  that  the  use  of  this  method  was  impracticable.  The  experi- 
ments made  on  this  point  confirm  the  conclusions  of  Rivett." 

2.  COMPOSITION  OF  SOLUTION  FOR  PRECIPITATING  COPPER  CARBIDE 

The  experiments  with  silver  nitrate  having  proven  solutions 
of  that  salt  to  be  imsuitable  for  the  determination  of  acetylene, 
cuprous  chloride  was  used.  An  absorption  apparatus "  was 
employed  which  permitted  the  filtration  and  washing  of  the 
precipitate  without  exposure  to  the  air.  The  inclined  tube  in 
which  absorption  took  place  was  about  60  cm  long  and  the  gas 
bubbles  remained  in  contact  with  the  liquid  8  to  10  seconds. 

I'Chem.  News,  104,  p.  261;  191 1. 

^  See  Pig.  a  ixi  the  article  by  Weaver  and  Edwards,  J.  Ind.  Ens.  Chem.,  7,  p.  534;  19x5. 


iFeoxxr]  Determination  of  Acetylene  33 

A  series  of  experiments  of  a  qualitative  nature  was  made  to 
determine  the  composition  of  the  absorbing  solution  which  would 
give  the  best  results.  The  comparative  rates  at  which  hydrogen 
containing  acetylene  could  be  passed  through  different  solutions 
in  the  apparatus  without  showing  a  trace  of  acetylene  in  a  second 
apparatus  was  one  of  the  tests  used ;  but  the  most  useful  criterion 
of  the  speed  of  absorption  was  the  distribution  of  the  precipitate 
which  adhered  to  the  glass  in  the  absorption  tube.  When  using 
the  best  absorbing  solution  practically  all  of  the  acetylene  was 
precipitated  within  20  cm  of  the  inlet,  and  the  glass  beyond  that 
point  remained  free  from  precipitate.  When  absorbing  solu- 
tions were  used  which  permitted  the  escape  of  some  of  the 
acetylene  into  the  second  wash  bottle  the  precipitate  was  dis- 
tributed throughout  the  length  of  the  absorption  tube.  The 
absorbing  solutions  tested  in  this  way  contained  varying  amounts 
of  cuprous  chloride,  ammonia,  ammonium  chloride,  and 
hydroxylamine. 

The  solution  which  was  found  to  give  the  best  results  was  made 
by  adding  i  g  of  cuprous  chloride,  i  g  of  hydroxylamine  hydro- 
chloride, and  10  cc  of  concentrated  ammonium  hydroxide  to 
50  cc  of  water.  When  the  gas  was  passed  through  this  solution 
at  a  moderate  rate  no  trace  of  acetylene  could  be  detected  at  the 
outlet  of  the  absorption  apparatus  by  passing  the  gas  through 
more  of  the  same  solution.  After  fUitering  and  washing,  the 
precipitates  of  copper  carbide  dissolved  completely  and  rapidly  in 
dilute  hydrochloric  acid.  The  amoimt  of  acetylene  was  calcu- 
lated from  the  amount  of  copper  present  in  this  solution  as  deter- 
nuned  by  one  of  the  usual  methods. 

3.   CHOICE  OF  A  PROTECTIVE  COLLOID 

In  order  to  keep  the  copper  carbide  in  the  colloidal  form  and  to 
prevent  precipitation  with  a  resultant  change  of  color,  it  is  neces- 
sary to  add  a  protective  colloid.  Gelatine,  dextrine,  gum  arable, 
and  water  glass  were  tried  for  this  purpose.  The  gelatine  solu- 
tions were  invariably  found  to  be  the  most  uniform  and  perma- 
nent, confirming  the  results  of  Kiispert."  Consequently,  gelatine 
was  used  in  the  preparation  of  all  the  solutions  used  in  subsequent 
work. 

**  Z.  Anorg.  Chcm.,  84,  p.  453-454;  »903. 
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4.   CHOICE  OF  A  PRELDONART  COLOR  STANDARD 

A  primary  requirement  for  a  colorimetric  method  is  a  standard 
for  comparison.  Obviously,  the  most  satisfactory  standard  for 
use  with  a  colored  solution  is  a  solution  of  the  same  character  hav- 
ing a  known  value,  provided  such  a  standard  is  sufficiently  per- 
manent or  readily  reproducible ;  a  colloidal  solution  of  copper  car- 
bide possesses  neither  of  these  requirements.  When  sealed  in  a 
glass  tube  a  solution  of  the  colloid  containing  a  considerable  excess 
of  hydroxylamine  has  been  kept  for  as  much  as  a  week  without 
apparent  change;  but  a  solution  in  a  sealed  tube  is  not  a  con- 
venient standard  for  comparison  in  a  colorimeter.  Even  though 
oxygen  is  wholly  excluded,  the  deep  blue  color  of  cupric-ammo- 
nium  salts  wiH  eventually  appear  in  consequence  of  the  reaction 
CU3CI2  =  CuClj  +  Cu,  which  takes  place  quite  rapidly  in  ammoniacal 
solution.  It  is  also  very  difl&cult,  if  not  altogether  impossible,  to 
make  a  sufficiently  accurate  standard  by  the  use  of  known  amounts 
of  acetylene  or  of  water,  since  the  small  amounts  required  could 
be  measured  with  sufficient  accuracy  only  in  very  dilute  solu- 
tion, and  dilute  solutions  of  either  are  very  hard  to  keep  without 
change. 

It  would  be  useless  to  describe  in  detail  the  many  imsuccessful 
efforts  that  were  made  to  obtain  a  suitable  standard.  Colloidal 
solutions  of  copper  ferrocyanide  and  of  copper  carbide  made  by 
passing  an  excess  of  acetylene  into  dilute  solutions  of  cuprous  salts 
were  foimd  unsuitable.  After  trying  a  very  large  number  of 
organic  dyes  a  solution  having  the  following  composition  was 
chosen  as  the  most  suitable  and  convenient  standard  : 

Cluomanilbrauii  R milligram . .      a  21 

Carmoisine  B do 04 

Gum  arable grams. .      2.  5 

Water cubic  centimeters. .  loa  00 

This  solution  was  designated  on  an  arbitrary  color  scale  as 
standard  "  H  25  "  and  will,  for  the  sake  of  brevity,  be  so  designated 
in  this  paper.  Unless  the  contrary  is  stated  it  may  be  assumed 
that  this  solution  was  used  in  all  the  observations  which  follow. 
Further  experiments  with  color  standards  and  their  evaluation 
will  be  described  in  a  later  section  of  this  paper  (p.  45). 
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C.    DEVELOPMENT   OF  COLORIMETRIC   METHOD 
1.   APPARATUS  AND  METHOD  EMPLOYED 

(a)  APPARATUS 

A  solution  of  acetylene  in  ether,  measured  from  an  ordinary 
burette,  was  used  as  the  source  of  acetylene.  The  use  of  such  a 
solution  seemed  especially  desirable,  since  it  eliminated  the  vari- 
ables aflFecting  the  amount  of  acetylene  evolved  from  a  constant 
weight  of  water  when  reacting  with  calcium  carbide;  and  at  the 
same  time  permitted  an  exact  dupUcation  of  the  conditions  which 
appeared  to  be  most  favorable  for  the  quantitative  evolution  and 
determination  of  acetylene  from  small  amounts  of  water,  i.  e., 
solution  in  ethef  with  subsequent  distillation,  in  a  stream  of 
hydrogen,  into  the  absorbing  solution.  The  results  would  there- 
fore be  applicable  in  the  investigation  of  the  water  method  itself. 

The  apparatus  used  for  the  purpose  is  illustrated  in  Fig.  i. 
The  standard  solution  of  acetylene  in  ether  was  contained  in  the 
bottle  A  coimected,  through  a  siphon,  with  the  lower  end  of 
burette  C.  The  air  drawn  into  either  the  btirette  or  bottle  to 
replace  the  solution  used  was  passed  through  the  wash  bottle  B 
containing  some  of  the  same  solution.  The  stoppers  and  con- 
necting tubes  were  sealed  in  place  with  paraffin  to  form  air-tight 
connections. 

The  acetylene  solution  was  measured  from  the  burette  C  into 
the  flask  D.  The  funnel  P  served  for  the  introduction  of  ether 
which  did  not  contain  acetylene.  A  stream  of  hydrogen  from 
the  Kipp  generator  G  carried  the  acetylene  and  ether  vapor  over 
into  the  absorbing  solution  contained  in  E.  E  was  graduated  to 
facilitate  the  preparation  and  measurement  of  the  absorbing 
solution.  When  the  ether  in  D  was  completely  evaporated,  the 
colloidal  solution  found  in  E  was  nm  into  the  colorimeter  tube  F 
and  compared  with  the  standard  contained  in  another  tube  not 
shown  in  the  figure.  The  depth  of  solution  in  the  colorimeter  was 
read  in  the  side  tube  /,  which  was  backed  by  a  millimeter  scale. 
The  gas  outlet  tube  from  E  was  connected  with  /  in  order  that  a 
stream  of  hydrogen  might  be  used  to  sweep  the  bulk  of  the  air 
out  of  F  and  thus  assist  in  preventing  the  oxidation  of  the  cuprous 
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Fig.  z. — Apparatus  used  for  developing  method 
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chloride  in  the  colloidal  solution.  This  precaution  was  found  to 
be  imnecessary  for  any  ordinary  work,  but  the  arrangement 
proved  very  useful  when  making  a  large  number  of  comparisons 
with  a  single  colloidal  solution,  as  in  the  work  with  standards 
described  on  page  46. 

The  wash  bottle  H  was  partially  filled,  during  many  of  the 
experiments,  with  an  alkaline  solution  of  p3rrogallol  to  remove 
any  considerable  amoimt  of  oxygen  or  acid  gases  present  in  the 
hydrogen  used.  It  served  at  all  times  to  indicate  the  rate  at 
which  hydrogen  was  passing  and  to  detect  leaks  in  the  connections. 

The  bottle  K,  containing  a  hydrochloric-acid  solution  of  cuprous 
chloride,  was  protected  from  access  of  air  by  connecting  to  the 
hydrogen  supply.  The  solution  of  cuprous  chloride  was  measured 
in  the  graduated  tube  L  and  run  into  water  contained  in  M  which 
caused  the  cuprous  chloride  to  precipitate.  M  contained  a  filter 
of  asbestos  resting  on  a  perforated  porcelain  plate  and  held  in 
place  by  a  layer  of  glass  beads.  The  cuprous  chloride  was  filtered 
and  washed,  the  operation  being  facilitated  by  pressure  from  G. 
After  filtration  and  washing  the  cuprous  chloride  in  M  was  dis- 
solved through  the  filter  with  ammonium  hydroxide  and  run  into 
E.  The  other  constituents  of  the  absorbing  solution  were  added 
through  the  funnel  N. 

Since  an  ammoniacal  solution  of  cuprotis  chloride  can  not  be 
preserved,  owing  to  the  formation  of  cupric  salts  with  the  separa- 
tion of  copper,  it  was  found  most  convenient  to  keep  the  cuprous 
chloride  in  hydrochloric-acid  solution  and  to  precipitate  and  wash 
the  salt  just  before  use. 

The  colorimeter  used  was  of  simple  construction,  resembling 
that  described  by  Campbell  and  Hurley."  The  light  from  a 
ttmgsten  lamp  was  diffused  by  an  opal  glass,  and  reflected  from 
a  second  opal  glass  through  the  comparison  tubes  to  a  pair  of 
mirrors  set  at  an  angle  of  45^.  The  light  is  reflected  from  these 
mirrors  to  the  eye,  producing  a  divided  field. 

u  J.  Am.  Chcm.  Soc.,  SS*  pp.  zzxa-zxzs;  Z9zi. 
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(()  PBBPASATION  OV  STANDARD  ACBTTLXIIB  SOLUTION 

The  standard  solution  of  acetylene  in  ether  was  prepared  by 
passing  into  500  cc  of  ether  for  several  minutes  a  stream  of  acety- 
lene which  had  been  generated  from  specially  prepared  calcium 
carbide  and  washed  with  water.  The  calcium  carbide  used  was 
prepared  for  this  purpose  by  Dr.  C.  W.  Kanolt  of  this  Bureau  from 
pure  precipitated  calcium  carbonate  and  a  considerable  excess  of 
sugar  charcoal,  and  was  entirely  free  from  sulphur  and  phos- 
phorus. The  acetylene  produced  had  a  pleasant  odor  and  pro- 
duced a  pure  white  precipitate  in  an  ammoniacal  solution  of  a 
silver  salt.  The  strong  acetylene  solution  thus  prepared  was 
diluted  with  ether  to  obtain  an  acetylene  concentration  conven- 
ient for  use. 

The  acetylene  in  the  standard  solution  was  determined  from 
time  to  time  by  attaching  the  absorption  apparatus  used  for  the 
experiment  upon  the  gravimetric  method  to  the  outlet  of  the  evo- 
lution flask  (£>,  Fig.  i),  nmning  10  cc  or  more  of  the  standard 
acetylene  solution  from  the  burette  into  the  evolution  flask, 
and  passing  a  stream  of  hydrogen  through  the  apparatus  until  the 
ether  was  entirely  evaporated  and  the  apparatus  completely 
swept  out  with  hydrogen.  The  precipitate  was  filtered,  washed 
with  water  containing  a  small  amount  of  ammonia  and  hydroxy- 
lamine  hydrochloride,  and  dissolved  with  dilute  hydrochloric  acid. 
The  copper  in  the  solution  was  then  determined  by  one  of  the  fol- 
lowing well-known  methods: 

1.  The  solution  was  evaporated  to  dr3mess  and  the  copper 
chloride  converted  to  acetate  and  determined  by  the  iodometric 
method. 

2.  The  copper  was  precipitated  ffom  hydrochloric-acid  solu- 
tion as  sulphide,  ignited,  and  weighed  as  copper  oxide. 

3.  The  chloride  was  converted  to  sulphate  and  the  copper  de- 
termined electrolytically. 

Table  i  shows  the  agreement  obtained  between  duplicate  de- 
terminations of  the  acetylene  in  solution  at  different  times. 
Many  single  determinations  not  shown  in  the  table  were  made  at 
other  times. 


Wsmer] 


Determination  of  Acetylene 

TABLE  1 
Detenninatioa  of  Acetylene  in  Standard  Solution 
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2.  FACTORS  AFFECTING  COMPLETENESS  OF  ABSORPTION  AND  COLOR 

OF  COLLOID 

(a)  METHODS  OV  STUDY 

The  influence  of  the  variable  factors  affectmg  the  formation  of  the 
colloidal  solution  was  investigated  by  absorbing  definite  amounts 
of  acetylene,  from  meastu-ed  volumes  of  the  standard  solution,  in 
30  cc  of  absorbing  solution.  After  the  absorption  was  completed 
this  solution  was  diluted  to  lOO  cc  before  comparing  with  the  color 
standard  in  the  colorimeter. 

The  values  used  for  determining  the  absolute  amount  of  acety- 
lene taken  in  each  experiment  were  calculated  from  the  results 
of  the  last  analysis  of  the  standard  solution  made  before  and  the 
first  analysis  made  after  the  experiment  in  question,  on  the 
assumption  that  the  change  in  concentration  of  the  acetylene 
solution  was  uniform  during  the  period.  This  asstunption  was 
certainly  not  exactiy  correct,  since  it  was  found  that  the  rate  of 
change  of  the  acetylene  solution  was  largely  dependent  upon 
temperature  changes  in  the  laboratory.    .However,  since  it  was 
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the  purpose  of  these  experiments  only  to  show  the  effect  of  a 
single  vari9.ble  at  a  time,  it  was  only  necessary  that  the  results  of 
each  series  should  be  comparable  with  one  another.  For  this  rea- 
son the  observations  of  any  one  series  were  all  made  between  9 
a.  m.  and  1 1  p.  m.  of  a  single  day,  with  the  exception  of  one  series, 
which  were  conducted  within  a  continuous  period  of  32  hours. 
In  no  case  was  the  change  in  strength  of  the  acetylene  solution, 
during  the  period  covered  by  a  series  of  tests,  sufficient  to  be  de- 
tected by  the  colorimeter. 

In  each  comparison  the  depth  of  solution  in  one  tube  remained 
constant  while  the  depth  of  solution  in  the  second  tube  was  varied 
until  the  two  appeared  to  match.  This  comparison  was  repeated 
several  times,  or  as  often  as  necessary  to  fix  the  depth  of  solution 
required  in  the  second  tube  within  i  mm. 

The  results  obtained  in  the  65  tests  which  were  first  made,  under 
conditions  not  subsequently  found  to  cause  seriotis  error,  were 
plotted,  and  a  curve  was  drawn  to  approximate  the  average  of 
these  results. 

Values  taken  from  this  curve  (called  acetylene  found)  were  used 
to  compare  the  relative  amounts  of  acetylene  which  would  be  indi- 
cated by  tests  made  imder  the  various  conditions.  Since  only 
relative  values  were  required,  it  was  not  necessary  to  know  the 
exact  position  and  slope  of  the  curve  which  would  give  absolute 
values.  The  exact  form  of  the  curve  fixed  by  the. final  series  of 
determinations,  made  after  the  effects  of  all  variables  had  been 
investigated,  is  shown  in  Pig.  5. 

(b)  BBSULTS  OBTAINSD 

(i)  Size  of  Tip  and  Rate  of  Gas  Fu)w. — During  many  of  the 
earlier  tests  hydrogen  carrying  acetylene  was  introduced  through 
a  glass  tip  about  2  mm  in  diameter.  It  was  evident  that  absorp- 
tion was  not  complete  when  using  this  tip,  since  a  ring  of  red  pre- 
cipitate always  formed  on  the  glass  at  the  upper  stuiace  of  the 
absorbing  liquid.  Tests  made  by  passing  the  gas  into  a  second 
portion  of  the  absorbing  solution  always  showed  the  presence  of 
acetylene  when  any  large  amotmt  was  present  in  the  original 
sample.    A  tube  with  a  fine  tip  about  0.2  mm  in  diameter,  curved 
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so  that  bubbles  escaping  from  the  tip  would  pass  through  the 
solution  without  coming  in  contact  with  the  glass  after  leaving  the 
tip,  was  substituted.  All  subsequent  experiments  indicated  that 
the  absorption  of  acetylene  from  the  very  fine  bubbles  produced 
by  the  use  of  this  tip  was  practically  complete.  At  the  most  only 
a  faint  trace  of  red  precipitate  appeared  on  the  glass  at  the  surface 
of  the  solution  after  several  nms,  and  no  color  whatever  was  pro- 
duced in  a  second  absorption  apparatus. 

Comparisons  of  the  results  obtained  by  the  use  of  the  two  tips 
indicated  that,  at  the  rate  of  flow  used  for  the  previous  com- 
parisons (about  35  ccf  of  hydrogen  per  minute),  about  30  per  cent 
of  the  ascetylene  had  escaped.  When  the  rate  of  gas  flow  was 
increased  to  75  cc  per  minute,  while  still  using  the  2  mm  tip, 
the  loss  of  acetylene  amounted  to  more  than  -50  per  cent.  When 
the  0.2  mm  tip  was  substituted,  it  was  found  that  the  results 
were  independent  of  the  rate  of  gas  flow  at  rates  of  5  to  50  cc  per 
minute.  Even  at  a  rate  of  100  cc  per  minute  the  loss  amounted 
to  only  about  10  per  cent. 

(2)  Composition  of  Absorbing  Solution. — ^Tests  were  made 
to  determine  the  influence  of  the  following  constituents  in  the 
solution  used  for  absorption :  Cupric  chloride,  ammonium  chloride, 
hydroxylamine  hydrochloride,  cuprous  chloride,  ammonia,  gela- 
tin, alcohol,  and  acetone. 

The  data  obtained  from  the  many  tests  do  not,  in  general,  lend 
themselves  to  convenient  tabulation  and  plotting,  hence  only  the 
conclusions  drawn  from  the  tests  are  given  here. 

In  the  following  discussion  of  results  the  amount  of  each  of  the 
various  constituents  mentioned  as  present  in  the  solution  is  always 
the  amount  contained  in  30  cc. 

Cupric  Chloride. — It  was  found  that  the  presence  of  even  quite 
large  amounts  of  cupric  chloride  in  the  absorbing  solution  is  with- 
out appreciable  effect,  provided  a  sufficient  amotmt  of  the  cuprous 
salt  is  also  present  during  the  absorption  and  enough  hydroxyl- 
amine is  added  before  the  colorimetric  comparison  to  reduce  all 
cupric  salts.  Cupric  chloride  may  be  added  to  a  colloidal  solu- 
tion already  prepared  and  left  for  several  hours  without  affecting 
the  colloid,  as  shown  by  colorimetric  tests  after  reducing  the  cupric 
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salts  with  hydroxylamine.  If  the  solution  is  exposed  to  the  air 
the  colloid  is  unaffected  until  the  cuprous  salts  in  solution  are 
oxidized;  then  the  colloid  quickly  disappears  with  the  formation 
of  a  flocculent  black  precipitate. 

Ammonium  Chloride, — ^The  presence  of  ammonium  chloride,  or, 
indeed,  any  strong  electrolyte,  causes  irr^ular  and  generally  low 
results.  Ten  milligrams  of  the  salt  in  30  cc  of  absorbing  solution 
produced  a  tendency  toward  low  results.  Twenty  milligrams 
caused  results  averaging  40  per  cent  low  and  more  than  that 
amoimt  caused  precipitation.  The  presence  of  ammonium  chlo- 
ride in  the  absorbing  solution  is  the  most  sfirious  single  source  of 
error  in  the  colorimetric  determination  of  acetylene.  After  its 
effect  was  discovered,  solutions  showing  the  characteristic  brown- 
ish and  slightiy  turbid  appearance  caused  by  the  presence  of  much 
of  the  salt  were  discarded. 

Hydroxylamine  Hydrochloride. — The  presence  of  a  small  amount 
of  hydroxylamine  hydrochloride  in  excess  of  that  required  to 
decolorize  the  absorbing  solution  is  without  appreciable  effect, 
but  a  large  excess  has  the  same  effect  as  a  small  amount  of  am- 
monium chloride,  e.  g.,  100  mg  of  hydroxylamine  hydrochloride 
caused  average  results  about  10  per  cent  low. 

Cuprous  Chloride, — Only  a  very  small  amount  of  cuprous  chlo- 
ride is  required  to  give  complete  absorption  of  the  acetylene  and 
the  amount  present  may  be  varied  over  a  wide  range  without 
affecting  the  results.  Solutions  containing  from  9  to  360  mg  gave 
identical  results.  Solutions  containing  6  mg  gave  results  about 
30  per  cent  low,  although  the  amount  of  acetylene  was  much  less 
than  equivalent  to  the  amount  of  copper,  while  solutions  contain- 
ing only  3  mg  of  cuprous  chloride  gave  no  color  at  all. 

Ammonia. — ^The  amount  of  ammonia  in  solution  must  be  regu- 
lated rather  carefully.  About  10  cc  of  concentrated  ammonitun 
hydroxide  (specific  gravity  0.90)  per  30  cc  of  solution  gives  the 
best  results.  Irregular  results  are  caused  by  any  considerable 
change  in  the  concentration  in  either  direction.  The  use  of  only 
5  cc  caused  results  40  per  cent  low  while  the  use  of  2.5  cc  gave 
results  60  per  cent  low.  More  than  10  cc  of  strong  ammonium 
hydroxide  was  likely  to  produce  a  cloudy  appearance  caused  by 
coagulation  of  the  gelatin ;  20  cc  always  caused  the  formation  of  a 
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large  amount  of  precipitate,  sometimes  enough  to  leave  the  solu- 
tion practically  colorless. 

Gelatin, — ^The  amount  of  gelatin  may  be  varied  from  2  to  6  mg 
per  30  cc  provided  coagulation  does  not  take  place.  The  amount 
should  be  kept  small  to  prevent  coagulation.  Less  than  i  and  more 
than  10  mg  are  almost  certain  to  cause  precipitation. 

Alcohol. — The  presence  of  a  large  amount  of  alcohol  favors  uni- 
form results,  but  alcohol  causes  gelatin  to  coagulate  and  the 
amount  which  can  be  used  is  Umited  by  this  fact.  About  10  cc  of 
95  per  cent  alcohol  per  30  cc  of  solution  gave  the  most  favorable 
results.  When  only  5  cc  was  used  the  results  were  about  30  per 
cent  low.  Less  than  5  cc  caused  precipitation.  Too  great  a  varia- 
tion of  the  alcohol  concentration  in  either  direction  causes  pre- 
cipitation. 

Acetone. — ^The  effect  of  substituting  acetone  for  a  part  or  aU  of 
the  alcohol  was  tried.  In  general,  the  color  of  the  resulting  col- 
loid was  changed  and  comparisons  with  the  standard  were  difiScult. 
Acetone  also  coagulates  gelatin  more  readily  than  alcohol. 

Preparation  of  Best  Absorbing  Solution. — From  a  consideration 
of  the  above  results  it  is  easy  to  determine  approximately  the 
most  favorable  composition  for  the  absorbing  solution.  The  solu- 
tion which  gives  the  most  tmiform  results  is  made  up  as  follows: 
Dissolve  0.25  g  of  gelatin  in  hot  water,  dilute  to  500  cc,  and  add 
500  cc  of  95  per  cent  alcohol  and  1.25  g  of  hydroxylaxnine  hydro- 
chloride. To  20  cc  of  this  solution  add  10  cc  of  concentrated 
ammonium  hydroxide  and  a  small  amount  of  cuprous  chloride. 
One  or  two  hundredths  of  a  gram  of  this  salt  is  aU  that  is  required, 
although  as  much  as  half  a  gram  is  unobjectionable.  If  a  greater 
amount  of  solution  is  required  to  fill  the  absorption  apparatus,  it 
should  be  made  up  in  the  same  proportions. 

(3)  Temperature. — ^A  few  experiments  on  the  effect  of  temper- 
ature were  carried  out  in  the  same  manner  as  those  upon  the  com- 
position of  the  absorbing  solution..  The  results  show  that  the 
temperature  changes  in  the  ordinary  laboratory  would  not  affect 
the  result  appreciably.  There  was  a  tendency  for  the  results  to 
be  low  at  temperatures  above  35®  C.  Results  at  45®  to  50°  were 
10  to  15  per  cent  low. 
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(4)  Rate  of  EV01.UT10N  OF  Acetylene. — In  order  to  test  the 
effect  of  the  rate  at  which  the  acetylene  is  evolved — i.  e.,  whether 
it  is  added  or  produced  all  at  once  and  passed  into  the  absorber 
rapidly,  or  whether  it  is  mixed  more  imiformly  with  the  hydrogen 
stream — ^two  methods  were  used:  (i)  Varying  amotmts  of  ether 
containing  no  acetylene  were  introduced  into  the  evolution  flask 
with  the  fixed  amount  of  the  standard  solution;  this,  in  effect, 
is  the  same  as  using  a  more  dilute  solution  with  consequent  more 
gradual  evolution  of  the  acetylene ;  (2)  the  standard  solution  was 
introduced  in  a  number  of  small  portions,  each  of  which  was  nearly 
or  entirely  evaporated  before  adding  the  next  portion,  thus  more 
nearly  approximating  a  imiform  evolution  of  acetylene  through- 
out the  experiment.  The  results  of  these  experiments  agreed  with 
one  another  within  o.oi  mg  of  acetylene  when  using  the  small  tip, 
showing  that  no  differences  greater  than  the  error  of  observation 
were  caused  by  the  acetylene  being  evolved  at  different  rates. 

(5)  Volume  of  Absorbing  Solution. — ^The  effect  of  changing 
the  volume  of  the  absorbing  solution  is  shown  in  Table  2.  In 
each  case  the  composition  of  the  absorbing  solution  was  the  same 
and  the  solution  was  diluted  to  100  cc  before  makmg  the  colori- 
metric  comparison.  Since  these  experiments  were  very  carefully 
made  after  the  effect  of  all  variables  had  been  investigated,  the 
tendency  to  obtain  higher  results  when  using  the  smaller  volume 
of  absorbing  solution  is  probably  not  due  to  experimental  error. 
It  is  believed  that  this  effect  is  due  to  equilibrium  within  the  solu- 
tion, the  significance  of  which  will  appear  later. 

TABLE  2 
££fect  of  Volume  of  Absorbing  Solution 


Volume  ol  absorblnc  MlisUon,  cubic  centimeters 


30 
30 
30 
30 
60 
60 
60 
90 


Acetylene 
taken 

Acetylene 
found 

Mg 

Mg 

0.68 

0.71 

.41 

.41 

.54 

.55 

.27 

.26 

.41 

.38 

.54 

.53 

.27 

.24 

.41 

.38 

Difference 

Mg 

+0.03 
.0 
+  .01 

-  .01 

-  .03 

-  .01 

-  .03 

-  .03 
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3.   COMPARISON  WITH  COLOR  STANDARD 

(a)  DILimOH  OF  SOLimOK  ATTBR  ABSORPnoif 

A  large  number  of  experiments  have  shown  that,  within  the 
limit  of  accuracy  of  the  colorimeter  readings,  it  is  immaterial  how 
much  the  colloidal  solution  is  diluted  before  the  readings  are  taken, 
provided  the  volume  of  solution  is  taken  into  account  in  calcu- 
lating the  amount  of  acetylene.  For  example,  if  a  sample  of 
acetylene  is  absorbed  in  30  cc  of  solution  and  the  resulting  liquid 
successively  diluted  with  water  to  60,  90,  and  120  cc  and  com- 
parisons with  the  same  color  standard  are  made  at  each  dilution, 
it  will  be  found  that  the  depths  of  colloidal  solution  required  to 
match  the  standard  are  in  the  ratios,  1:2:3:4.  Some  of  the  results 
bearing  on  this  pomt  are  shown  in  Fig.  2,  and  their  significance 
will  be  pointed  out  in  the  discussion  of  that  figure  in  the  following 
section. 

(Jb)  PRSPARATION  AND  STANDARDIZATION  OF  A  COLOR  STANDARD 

After  determining  the  effect  of  the  various  factors  influencing 
the  color  of  the  colloidal  solutions,  it  was  an  easy  matter  to  choose 
a  method  of  procedure  which  gives  uniform  results.  When  using 
an  absorbing  solution  of  the  composition  already  noted  (p.  43) 
it  is  only  necessary  to  introduce  the  gas  through  a  fine  tip  at  such 
a  rate  as  to  insure  complete  absorption;  in  the  apparatus  used,  a 
rate  of  about  35  cc  per  minute,  controlled  by  counting  the  bubbles 
passing  through  the  wash  bottle  between  the  hydrogen  generator 
and  the  evolution  flask,  was  chosen.  In  order  to  determine  the 
amount  of  acetylene  in  an  unknown  gas  mixture,  however,  it  was 
first  necessary  to  prepare  and  determine  more  accurately  the  value 
of  a  color  standard  by  comparison  with  colloidal  solutions  made 
from  known  amounts  of  acetylene  by  the  chosen  method  of 
procedure. 

Although  it  is  possible  to  match  very  closely  any  depth  of  a 
given  colloidal  copper-carbide  solution  with  a  single  dye  solution, 
such  as  solution  **  H25,"  described  on  page  34,  the  ratio  between 
the  depths  of  the  two  solutions  is  not  constant,  but  varies,  with 
the  depth.  When  comparing  small  depths,  the  color — i.  e.,  the 
relative  amount  of  light  of  the  longer  and  shorter  wave  lengths 
transmitted — is  the  determining  factor  in  making  the  comparison. 
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When  a  greater  depth  is  used,  practically  all  light  except  red  is 
excluded  and  the  point  of  agreement  is  no  longer  determined  by 
the  color  of  the  two  fields  in  the  colorimeter,  but  by  whether  one 
field  is  lighter  or  darker  than  the  other. 

Numerous  comparisons  have  been  made  which  illustrate  these 
effects.  Fig.  2  shows  the  results  obtained  by  matching  different 
depths  and  dilutions  of  two  colloidal  solutions,  A  and  B,  against 
standard  solution  '*  H25."  The  figure  shows  the  following  points 
of  interest : 

1.  The  variation  of  the  ratio  between  depths  of  the  colloidal 
and  the  standard  solutions  with  change  in  depth  of  the  standard 
solution,  discussed  in  the  last  paragraph,  is  clearly  illustrated. 
If  this  ratio  were  constant,  the  points  would,  of  course,  all  lie  on 
a  straight  line  passing  through  the  origin. 

2.  The  degree  of  accuracy  of  the  colorimeter  readings  is  indi- 
cated by  the  agreement  of  results  between  different  comparisons 
with  the  same  solution.  When  using  the  standard  depth  (10  cc) 
of  standard  solution,  the  error  of  a  single  comparison  should  not 
exceed  5  per  cent  and  the  average  of  several  readings  should  give 
results  much  closer. 

3.  The  effect  of  dilution  is  noted.  At  the  depth  commonly  used 
for  comparisons  (10  cc  of  standard  solution)  the  agreement 
between  results  on  the  same  solution  at  successive  dilutions  of  35, 
70,  and  100  cc  is  clearly  within  the  limit  of  accuracy  of  the  color- 
imeter readings.    At  greater  depth  a  divergence  is  apparent. 

4.  The  agreement  between  duplicates  (solutions  A  and  B  were 
prepared  in  the  same  manner  from  the  same  amount  of  standard 
acetylene  solution)  is  within  the  limit  of  accuracy  of  the  colorim- 
eter readings. 

Fig.  3  shows  the  results  of  comparisons  of  different  depths  of  a 
single  colloidal  solution  made  from  0.19  mg  of  acetylene  with  four 
different  dye  solutions  which  can  be  used  successftdly  as  stand- 
ards of  comparison.  Curve  a  represents  the  comparisons  made 
with  a  solution  of  i  part  of  azolitmin  in  2500  parts  of  water; 
curve  b,  with  a  solution  of  i  part  of  oxamine  red  in  50  000  parts 
of  water;  curve  c,  with  a  solution  made  by  acidifying  with  hydro- 
chloric acid  a  slightly  alkaline  solution  containing  2  per  cent 
of  gum  arabic  and  i  part  in  40  000  of  oxamine  red ;  and  curve  d, 
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with  standard  "H25."  To  avoid  confusion,  the  actual  points 
determined  are  given  for  curves  b  and  d  only.  The  rapid  curva- 
ture of  a  is  due  to  the  fact  that  azolitmin  solutions  are  almost 
entirely  transparent  to  red  Ught  but  screen  all  other  colors  even 
-whea  quite  dilute.  It  will  be  noted  that  d  curves  in  the  direction 
opposite  to  the  curve  in  Fig.  2,  although  made  with  the  same 
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Fio.  3. — Comparison  of  color  ttandants 

Standard  solution.  This  signifies  that  the  character  of  the  two 
colloidal  solutions  was  not  the  same.  As  compared  with  the 
standard,  the  colloidal  solution  represented  in  Fig.  3  was  rela- 
tively more  transparent  to  red  than  to  blue  light.  The  contrary 
was  true  with  the  colloidal  solutions  in  Fig.  2.  This  was,  no 
doubt,  due  to  the  fact  that  the  colloidal  particles  were  larger  in 
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the  latter  case  than  in  the  former,  a  condition  which  may  have 
been  caused  by  the  presence  of  a  small  amount  of  ammonium 
chloride.  The  transparency  to  red  light  decreases  rapidly  with 
an  increase  of  the  conditions  which  produce  precipitation. 

It  is  evident  from  a  consideration  of  Figs.  2  and  3  that  in  order 
to  obtain  comparable  results  it  is  preferable  always  to  make  the 
comparison  of  an  unknown  solution  with  the  same  depth  of 
standard  solution.  In  practically  all  the  work  described  in  this 
paper  10  cm  of  *'  solution  H2s  "  was  used  as  the  standard.  When 
the  color  of  the  colloidal  solution  was  so  light  that  the  total  volume 
of  100  cc  was  not  sufficient  to  match  10  cm  of  the  standard  (which 
was  the  case  when  prepared  from  less  than  about  0.12  mg  of 
acetylene)  the  whole  of  the  colloidal  solution  was  transferred  to 
the  colorimeter  and  the  depth  of  standard  solution  varied  to  match 
it.  The  error  due  to  the  change  in  ratio  of  standard  solution  to 
colloidal  solution  caused  by  this  piDcedure  is  always  negligible, 
probably  never  as  much  as  o.oi  mg  of  acetylene. 

Upon  plotting  the  results  of  any  series  of  comparisons  of  the 
colloidal  solutions  produced  by  known  amounts  of  acetylene  with 
a  fixed  color  standard,  it  appears  ^hat  within  the  limits  of  experi- 
mental error  the  results  obtained  will  all  lie  on  a  straight  line  rep- 
resented  by   the   equation   x^ay^-b   in   which   ji;»amotmt   of 

acetylene,  ^'■^depth  of  colloidal  solution  "^^  a  and  6  are  con- 
stants.  In  this  equation  6  represents,  of  course,  the  point  at 
which  the  curve  cuts  the  horizontal  axis,  and  its  value  is  that  of 
the  smallest  amount  of  acetylene  which  will  produce  a  color  in  the 
absorbing  solution.  The  value  of  a  is  dependent  upon  the  color 
standard  used.  Both  constants  must  be  experimentally  deter- 
mined. 
When  a  variable  depth  of  a  standard  solution  is  used  for  the 

^t_       ^«    depth  of  standard  solution  -  - 

.comparison,  the  ratio  depth  of  colloidal  solution  "^^  ^^  "sed  as 

the  value  for  y  and  the  equation  x^ay^-h  still  holds,  provided  the 
ratio  between  the  depths  of  the  two  solutions  is  the  same  for  all 
depths.  As  pointed  out  in  the  preceding  section,  this  is  not  the 
case  with  any  of  the  solutions  used  as  standards,  but  it  may  be 
assumed  without  appreciable  error  for  amounts  of  acetylene  not 
greater  than  o.i  to  0.2  mg.     For  larger  amounts  a  constant  depth 
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of  standard  solution  should  be  used  in  order  to  provide  a  color 
standard  of  fixed  value. 

The  value  of  b  was,  at  first,  thought  to  represent  the  minimum 
concentration  of  acetylene  in  the  gas  mixture  which  would  be 
absorbed  by  the  solution.  If  the  existence  of  such  a  minimum 
were  the  true  explanation  of  the  fact  that  the  curve  does  not  pass 
through  the  origin,  it  is  evident  that  a  given  amount  of  acetylene 
diluted  with  a  large  volume  of  hydrogen  would  give  lower  results 
than  the  same  amoimt  of  acetylene  diluted  with  a  small  volume  of 
hydrogen.  That  such  is  not  the  case  was  shown  by  the  experi- 
ments described  imder  the  heading  "Rate  of  evolution  of  acety- 
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Tenths  cf  a  milligram  of  acet^ylene. 

PlO.  ^.—Efftctof  voiumt  of  abtorbing  solution  ustd 

lene"  (p.  44).  The  only  other  probable  explanation  seemed  to  be 
that  there  is  an  equilibrium  in  the  absorbing  solution  and  that  b 
represents  the  minimum  concentration  of  dissolved  acetylene 
which  will  produce  a  colored  colloid.  If  this  is  true,  the  value  of 
b  should  be  proportional  to  the  volxune  of  absorbing  solution. 
The  experiments  given  in  Table  3  and  plotted  in  Fig.  4  show  that 
this  relation  is  at  least  approximately  correct. 

Fig.  5  shows  the  results  of  one  series  of  comparisons  of  "  standard 
solution  H25  "  with  known  amounts  of  acetylene  from  a  carefully 
analyzed  solution  in  ether.  The  equation  of  the  stra^ht  line 
averaging  these  values  is  a:  =1,43  y  +  o.^  where  x  is  expressed  in 
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tenths    of    a    milligram    of    acetylene    and    y    is    the    ratio 
depth  of  standard  solution 
depth  of  colloidal  solution 

Calibration  of  any  Color  Standard. — Since  the  value  of  b  depends 
upon  the  volume  of  the  absorbing  solution  and  is  independent  of 
the  color  standard  used,  its  value  may  be  experimentally  fixed 
once  for  all.  This  value  has  been  careftdly  determined  several 
times  under  different  conditions  and  has  always  been  fotmd  to 
be  between  0.02  and  0.05  mg.     It  seems  probable  that  in  any 
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Tbnfha  of  a  milligram  of  ooeifyltnt 

Fig.  5. — Comparison  of  standard  solution  with  known  amounts  of  acetylene.    Equation 

of  line  is  x^i.43y-\'0.s 

Operations  in  which  there  is  fairly  complete  absorption  the  value 
of  b  may  be  asstuned  to  be  0.03  mg  for  30  cc  of  absorbing  solution 
without  causing  any  error  in  excess  of  0.0 1  mg.  In  order  to 
calibrate  any  color  standard  it  is  then  only  necessary  to  make 
one  accurate  comparison  of  the  standard  with  a  colloidal  solution 
prepared  from  a  known  amount  of  acetylene.  This  comparison 
gives  simultaneous  values  for  x  and  y  in  the  equation  x^ay-^-  0.03, 
and  the  value  of  a  may  be  easily  calculated.  Unknown  amounts 
of  acetylene  may  then  be  determined  from  the  same  equation, 
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using  the  values  already  found  for  a  and  6,  or  for  convenience  a 
curve  may  be  plotted  and  values  taken  from  that. 

Chemists  who  desire  to  make  only  an  approximate  determina- 
tion without  the  labor  of  previously  calibrating  a  standard  may 
do  so  by  using  as  a  standard  a  depth  of  lo  cm  of  a  solution  of 
0.04  g  of  azolitmin  in  100  cc  of  water.  The  value  of  a  for  a  solu- 
tion of  this  strength  made  from  a  sample  of  the  dye  of  Kahlbaum 
grade  was  found  to  be  0.13  mg,  y  representing  the  ratio  between 
the  depth  of  the  two  solutions.  It  is  not  known  how  much  vari- 
ation will  be  fotmd  among  different  samples  of  azolitmin;  but 
it  is  apparent  from  the  slope  of  curve  a  in  Fig.  3  that  any  vari- 
ation in  the  strength  of  the  azolitmin  solution  or  the  quality 
of  the  dye  will  cause  much  less  than  a  proportional  error  in  the 
amount  of  acetylene  found. 

As  a  color  standard,  a  piece  of  ruby  glass  or  a  glass  plate  covered 
with  a  film  of  gelatin  and  stained  with  oxamine  red  or  other 
suitable  dye  may  be  used  instead  of  one  of  the  solutions  men- 
tioned on  page  46.  Once  having  calibrated  the  standard  as 
described  above,  the  same  results  are  obtained,  no  matter  what 
standard  is  used,  provided  the  two  colors  are  enough  alike  to 
permit  an  accurate  comparison  and  the  standard  does  not  change. 
A  ruby  glass  is,  of  course,  permanent,  but  the  author  is  unable 
to  say  how  much  reliance  may  be  placed  in  the  permanence  of 
color  of  a  stained  film. 

Table  3  gives  the  results  of  a  series  of  determinations  of  imknown 
amounts  of  acetylene  using  two  different  standards  for  compari- 
son.   The  results  are  in  substantial  agreement. 

TABLE  3 

Detenninatian  of  unknown  amounts  of  acetylene,  using  as  standaxds  (1)  10 

solution  H25,  a=1.43;  (2)  ruby  glass  No.  1,  as3.69 


Ao0tFton«  iMiad 

Sunple 

Solntlaii 
H2Sas 

Rttb7 
■tandaid 

1 

sng 
0.51 
.43 
.29 
.57 
.56 

0.5S 

2..: 

.41 

3 

.28 

4 

.56 

5 

.55 
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D.   DETERMINATION   OF  ACBTTLENB  IN   GAS   MIXTURES 

None  of  the  constituents  normally  present  in  illuminating  gas 
interferes  in  any  way  with  the  colorimetric  determination  of  acety- 
lene. To  make  such  a  determination  it  is  only  necessary  to  pass 
a  measured  voliune  (0.5  to  2  liters)  of  the  gas  into  the  absorbing 
solution  and  make  the  colorimetric  comparison.  The  whole  deter- 
mination can  be  made  in  about  10  minutes.  Fotu-  successive 
determinations  of  the  acetylene  in  illuminating  gas  taken  directly 
from  the  house  piping  gave  0.30,  0.30,  0.32,  and  0.33  cc  per  liter. 
The  method  was  applied  by  J.  D.  Edwards  in  this  laboratory  to 
the  testing  of  hydrogen  of  high  purity.  One  part  of  acetylene  was 
readily  determined  in  250  000  parts  of  hydrogen  from  one  source. 
Hydrogen  from  another  source,  believed  to  contain  only  a  small 
fraction  of  this  amount  of  acetylene,  produced  a  red  stain  on  the 
tip  of  the  inlet  tube  in  the  absorbing  solution,  but  no  coloration 
in  the  liquid. 

In  order  to  ascertain  whether  acetylene  could  be  determined 
in  air  by  this  method,  a  sample  of  the  acetylene  solution  in  ether 
was  first  run  in  the  usual  manner  with  a  stream  of  hydrogen  to 
carry  it  into  the  absorber;  then  the  determination  was  repeated, 
using  the  same  amoimt  of  acetylene  and  a  stream  of  air  instead  of 
hydrogen.  The  acetylene-air  mixtiu^e  was  passed  through  a 
strongly  alkaline  solution  of  pyrogallol  and  thence  into  the 
absorber;  and  the  pyrogallol  solution  was  heated  to  boiling  before 
the  stream  of  air  was  stopped.  When  hydrogen  was  used  the  test 
showed  0.56  mg  of  acetylene;  with  air  0.53  lag  of  acetylene  was 
found.  Only  one  determination  was  made  in  air  on  account  of 
the  inconvenience  of  the  apparatus  used,  but  the  result  showed 
that  acetylene  in  air  can  be  determined  by  this  method. 

The  experiment  also  proved  that  a  solution  of  potassium 
hydroxide  could  be  used  if  necessary  to  remove  hydrogen  sulphide, 
carbon  dioxide  or  similar  interfering  gases.  It  was  found  by 
several  experiments  that  small  amounts  of  carbon  dioxide  did  not 
afifect  the  determination,  but  that  larger  amounts  had  the  same 
effect  as  the  introduction  of  a  little  ammonium  chloride  into  the 
solution.  The  color  of  the  colloid  produced  by  acetylene  carried 
over  in  a  stream  of  pure  carbon  dioxide  was  too  brown  to  admit 
of  any  accurate  comparison. 
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Part  n.— THE  DETECTION  OF  WATER  BY  THE 
USE  OF  THE  ACETYLENE-CXJPBOUS  CHLORIDE 
REACTION 

Calcium  carbide  has  recently  been  quite  extensively  used  for 
the  determination  of  water  in  substances  which,  for  any  reason, 
do  not  permit  the  application  of  the  more  usual  methods  of 
analysis.  It  was  suggested  by  Berthelot,"  that  the  acetylene 
evolved  in  the  reaction  could  be  determined  by  absorption  in  an 
ammoniacal  solution  of  a  silver  salt  with  subsequent  titration  of 
the  excess  of  silver.  This  method  was  tried  by  Rivett  "  for  the 
determination  of  water  in  butter,  but  was  not  successful  on  ac- 
count  of  the  incomplete  absorption  of  the  evolved  acetylene. 
With  this  exception,  all  the  chemists  who  have  used  the  calcium- 
carbide  method  seem  to  have  determined  the  evolved  acetylene 
either  volumetrically  or  by  loss  in  weight.  Obviously,  neither 
of  these  methods  is  applicable  to  the  detection  of  very  small 
amoimts  of  water,  especially  in  the  presence  of  other  volatile 
substances. 

A.  EXPERIMENTS   UPON   THE    QUANTITATIVE   DETERMI- 
NATION OP  WATER 

The  accurate  determination  of  very  small  amounts  of  water  by 
the  colorimetric  method,  which  was  the  primary  object  of  this 
investigation  presents  several  difficulties  which  are  nearly  insur- 
mountable. 

Efforts  were  made  to  determine  water  in  a  variety  of  materials 
by  the  use  of  the  apparatus  described  below.  The  sample  to  be 
tested  was  brought  into  contact  with  calcium  carbide,  in  a  small 
glass  apparatus,  either  with  or  without  anhydrous  ether  to  act 
as  a  solvent.  The  flask  in  which  the  reaction  took  place  was  con- 
nected to  a  condenser  and  thence  to  a  tube  filled  with  carbide 
to  prevent  the  escape  of  water  vapor.  Ether  dried  over  sodium 
could  be  introduced  directly  or  could  be  distilled  through  a  phos- 
phorus pentoxide  tube  into  the  reaction  flask.  The  whole  appa- 
ratus could  be  swept  out  with  hydrogen  dried  over  phosphorus 
pentoxide. 

1*  CoaapL  rend.,  1S9«  p.  j6x:  1899.  "  Chcm.  News.  104,  p.  a6i;  29x1. 
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The  greatest  difficulty  encountered  is  due  to  the  fact  that  cal- 
dtun  carbide  itself,  or  the  calcium  hydroxide  which  it  always  con- 
tains,  appears  to  occlude  acetylene  which  it  holds  with  great 
tenacity  but  gives  off  slowly  for  long  periods.  It  may  be  that  the 
source  of  trouble  is  a  small  amotmt  of  water  which  is  held  by  the 
calcium  hydroxide  and  which  reacts  with  the  carbide  very  slowly. 
Whatever  the  exact  cause,  there  is  no  question  that  with  any 
carbide  obtainable  commercially  all  efforts  to  remove  this  acety- 
lene by  ignition  or  evacuation  have  proven  unsuccessful.  The 
acetylene  which  causes  the  trouble  may  be  removed  by  boiling  the 
carbide  two  or  three  times  with  an  anhydrous  liquid  such  as  ether. 
After  such  treatment  the  carbide  must  not  be  exposed  to  the  air 
even  for  an  instant.  After  the  reaction  between  the  carbide  and 
the  sample  being  tested  for  water  is  finished,  it  is  necessary  to 
remove  the  acetylene  produced  in  the  same  way  as  before  the  test. 
It  is  apparent  that  a  considerable  amount  of  ether  is  required 
for  the  two  purposes  and  that  a  large  volume  of  hydrogen  is 
required  to  sweep  out  the  apparatus  completely.  It  has  been 
found  almost  impossible  to  dry  ether  so  thoroughly  that  the 
amoimt  required  by  this  test  will  produce  no  acetylene  which  can 
be  detected.  Even  the  ether  from  a  bottle  entirely  filled  with  a 
loose  mass  of  sodium  wire,  which  remains  apparently  perfectly 
bright,  may  produce  a  siurprising  amount  of  acetylene,  and  phos- 
phorus pentoxide  appears  to  lose  very  quickly  its  power  to  remove 
the  water  completely  from  ether  vapor.  It  is  consequently  very 
difficult  to  secure  consistent  blanks. 

A  second  source  of  difficulty,  which  has  been  recognized  by 
every  chemist  who  has  used  the  carbide  method  for  the  determi- 
nation of  water,  is  the  fact  that  the  calculated  amotmt  of  acetylene 
is  never  produced  from  a  known  quantity  of  water.  This  is  par- 
ticularly true  when  dealing  with  very  small  amounts  of  water. 
In  the  author's  experiments  the  amount  of  acetylene  produced 
has  varied  from  50  to  80  per  cent  of  the  calculated  amount,  gen- 
erally approaching  the  latter  figure. 

In  consequence  of  these  sources  of  difficulty  and  error,  tests 
made  with  the  colorimeter  have  little  more  significance  than  the 
much  simpler  qualitative  tests  described  in  the  next  section.  A 
negative  test  is  quite  conclusive,  but  the  detection  of  an  amount 
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of  acetylene  less  than  o.i  mg  has  little  more  than  qualitative 
significance. 

Negative  tests  have  shown  that  the  standard  samples  of  ben- 
zoic acid,  naphth^ene,  and  sugar  issued  by  this  Bureau  are  almost 
absolutely  anhydrous.  As  an  example  of  the  kind  of  results 
which  may  be  expected  when  water  is  present,  the  following  tests 
are  given  of  a  sample  of  alcohol  in  which  E.  C.  McKelvy,  of  this 
Bureau,  had  determined  the  amount  of  water  by  the  method  of 
critical  solution  temperature." 

TABLE  4 
Detennination  of  Water  in  Alcohol 


By  crttiod  Mlutlon  tom- 
perature— A.  Water 
found 

By  carbide  method 

«-*•! 

Acetylene  pfodnced 

B.  Water  found 

mg. 
1.0 
1.0 
6.0 
6.0 

50.0 

mg. 

0.48 

.58 

3.5 

3.6 

a  21. 2 

mg. 
0.62 
.80 
4.8 
5.0 
29.2 

0.62 
.80 
.80 
.82 
.59 

o  Acetylene  determined  Kravimetrically. 

B.  QUALITATIVE  METHOD  BY  SOLUTION  OF  ACETYLENE 

IN  AN  ANHYDROUS  SOLVENT 

While  the  quantitative  determination  of  water  by  reaction  with 
calcium  carbide  and  distillation  of  the  evolved  acetylene  into  an 
absorbing  solution  is  a  complicated,  difficult,  and  unsatisfactory 
procedure,  the  detection  of  water  by  permitting  the  reaction  with 
carbide  to  take  place  in  the  presence  of  a  solvent  of  acetylene,  and 
adding  the  acetylene  solution  formed  to  a  cuprous  chloride  pre- 
cipitating solution,  is  rapid,  simple,  and  accurate.  The  methods 
found  most  satisfactory  for  carrying  out  this  test  will  now  be 

descitoGd 

1.   PREPARATION  OF  REAGENTS 

(a)  ANHYDROUS  SOLVENTS 

When  testing  for  water  in  organic  liquids  it  is  usually  most  con- 
venient to  allow  the  liquid  imder  test  to  serve  as  the  solvent  for 

u  Tlili  BttUeUn,  9,  p.  344. 
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acetylene,  in  which  case  the  previous  preparation  of  an  anhydrous 
solvent  is  not  necessary.  In  applying  the  tests  to  solids,  however, 
it  is  necessary  to  allow  the  reaction  with  carbide  to  take  place  in 
the  presence  of  an  anhydrous  liquid,  preferably  a  solvent  of  the 
substance  tmder  test;  and  the  first  di£Sculty  met  with  in  the  use 
of  the  method  was  that  of  preparing  even  approximately  dry 
solvents.  Samples  of  gasoline,  benzene,  ether,  ethyl  acetate, 
amyl  alcohol,  amyl  acetate,  ethyl  alcohol,  methyl  alcohol,  acetone, 
chloroform,  carbon  tetrachloride,  carbon  bisulphide,  and  pyridine 
were  treated  with  calcium  chloride,  lime,  metallic  sodium,  metallic 
calcium,  and  phosphorus  pentoxide,  except  in  those  cases  where 
a  given  drying  agent  was  known  to  be  inapplicable  on  account  of 
reaction  with  the  solvent.  The  five  solvents  first  mentioned  were 
thus  prepared  so  nearly  free  from  water  that  it  was  impossible 
to  detect  a  trace  of  acetylene  dissolved  in  them  after  several 
minutes'  contact  with  calcium  carbide.  Sodium  appeared  to  be 
the  best  drying  agent  for  the  hydrocarbons  and  ether,  and  calcium 
for  the  esters.  Drying  of  the  other  solvents  was  not  carried  to 
completion  by  the  above  treatment,  but  all  except  pyridine  were 
dried  sufficiently  to  be  used  successfully  as  solvents  for  substances 
containing  any  considerable  amount  of  water.  The  list  could, 
no  doubt,  be  extended  almost  indefinitely;  and  nearly  all,  if  not  all, 
of  those  liquids  mentioned  could  be  completely  dried  by  the  use 
of  proper  drying  agents  and  the  observance  of  suitable  precautions. 
All  the  liquids  tested  in  this  investigation  were  found  to  dissolve 
enough  acetylene  to  give  the  desired  test.  Since  any  of  these 
solvents  will,  if  exposed  to  the  air  for  a  very  short  time,  absorb 
enough  water  to  show  a  decisive  test,  they  should  be  kept,  after 
being  dried,  in  bottles  containing  some  of  the  drying  agent  and 
communicating  with  the  air  through  a  tube  containing  phosphorus 
pentoxide.  It  is  difficult  to  exclude  the  air  sufficiently  by  the  use 
of  ordinary  glass,  cork,  or  rubber  stoppers  imless  the  pressiu^e 
differences,  due  to  temperature  changes,  are  eliminated  by  the  use 
of  a  drying  tube. 

The  most  sensitive  tests  are  obtained  when  a  solvent  is  em- 
ployed which  is  immiscible  with  water,  since  the  precipitate 
formed  by  the  subsequent  treatment  with  cuprous-chloride  solu- 
tion, if  small  in  amount,  collects  at  the  surface  of  separation  of 
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the  two  liquids  and  is  very  easily  detected.  If  a  fairly  large 
amount  of  acetylene  is  present,  the  aqueous  layer  dissolves 
enough  acetylene  to  form  a  precipitate  throughout  the  solution. 
When  the  acetylene  is  dissolved  in  liquids  miscible  with  water, 
such  as  alcohol  and  acetone,  the  copper  carbide  first  appears,  of 
course,  in  the  colloidal  form,  but  unless  a  protective  colloid  is 
present  it  quickly  precipitates.  Since  the  precipitate  is  distrib- 
uted through  a  much  larger  volume  when  these  solvents  are  used, 
the  test  is  not  nearly  so  sensitive  as  with  ether  or  chloroform  with 
which,  as  above  noted,  the  precipitate  is  concentrated  in  a  single 
layer.  Furthermore,  with  some  of  the  miscible  solvents,  espe- 
cially with  acetone,  the  precipitation  does  not  appear  to  be 
always  complete.  In  fact,  it  is  sometimes  possible  to  discharge 
the  color  of  a  colloidal  solution  of  copper  carbide  by  adding  a 
large  excess  of  acetone. 

(b)  PRSPARATIOn  OF  CTTPROUS-CHLORmB  SOLimOK 

In  case  alcohol  or  acetone  is  used  as  a  solvent  and  there  is  no 
substance  present  which  will  precipitate  gelatin,  it  is  probably 
best  to  use  a  reagent  which  will  keep  the  copper  carbide  in  the 
colloidal  form.     The  following  procedure  is  recommended : 

Make  up  a  solution  to  contain  0.5  g  of  gelatin  and  2.50  g  of 
hydroxylamine  hydrochloride  per  liter.  Take  a  volume  of  this 
solution  equal  to  the  volume  of  alcohol  or  acetone  to  be  tested 
for  acetylene,  add  an  equal  volume  of  concentrated  ammonium 
hydroxide  and  a  small  amount  (2  to  10  m  per  cubic  centimeter) 
of  cuprous  chloride.  As  soon  as  the  copper  salt  is  dissolved  add 
the  solvent  to  be  tested  for  acetylene. 

The  composition  of  the  solution  containing  the  colloid  is  now 
the  same  as  that  found  to  be  the  most  favorable  for  the  quantita- 
tive determination  of  acetylene,  and  the  amount  of  acetylene 
added  in  solution  may  be  determined,  if  desired,  by  a  colorimet- 
ric  comparison. 

When  solvents  are  used  which  are  immiscible  with  water,  or 
when  there  are  substances  present  which  would  precipitate  gela- 
tin, the  copper  carbide  must  be  observed  in  the  form  of  a  precipi- 
tate, and  the  composition  of  the  most  suitable  reagent  is  some- 
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what  different.  When  a  colloidal  solution  is  desired  it  is  neces- 
sary to  use  a  reagent  which  will  prevent  precipitation;  when  a 
precipitate  is  to  be  observed  a  reagent  must  be  used  which  will 
favor  precipitation.  Ilosvay"  made  a  careful  study  of  the  com- 
position of  the  most  sensitive  reagent  for  this  purpose;  he  recom- 
mends the  following  proportions  for  solutions  made  from  several 
salts: 

1.  0.75  g  copper  chloride  (CUCI3.3H2O),  1.5  g  ammonium  chloridei  3  cc  ammonium 
hydroxide  (30  to  ai  per  cent  NH3),  3  g  hydioxylamine  hydrochloride. 

2.  I  g  copper  nitrate  (Cu(N0,)2.5H2O),  4  cc  ammonium  hydroxide,  3  g  hydioxy- 
lamine hydrcx:hloride. 

3.  I  g  copper  sulfate  (CuS04.5H20),  4  cc  ammonium  hydroxide,  3  g  hydioxylamine 
hydrochloride. 

In  each  case  the  copper  salt  is  dissolved  in  a  small  amount  of 
water,  the  ammonia  and  hydroxylamine  hydrochloride  are 
added,  and  the  solution  is  diluted  to  50  cc.  The  first  of  these 
solutions  seems,  in  general,  to  give  the  most  satisfactory  results. 
This  solution  may  be  used  for  the  detection  of  acetylene  in  any 
of  the  solvents  previously  mentioned  except  carbon  bisulphide, 
which  is  reduced  to  hydrogen  sulphide  by  hydroxylamine  and  pre- 
cipitates the  copper  from  the  solution  as  a  sulphide.  When  it  is 
necessary  to  use  carbon  bisulphide  as  a  solvent  the  precipitating 
solution  must  be  made  up  from  cuprous  chloride  without  the  use 
of  any  reducing  agent.  It  is  very  difficult  to  prepare  such  a 
solution  which  is  entirely  colorless,  but  a  very  small  precipitate  of 
copper  carbide  may  be  readily  detected  even  in  a  deep-blue  solu- 
tion, and  tests  have  shown  that  the  presence  of  a  cupric  salt 
does  not  interfere  with  precipitation,  provided  a  sufficient  amotmt 
of  the  cuprous  salt  is  present. 

On  accotmt  of  the  difficulty  caused  by  the  oxidation  of  cuprous 
to  cupric  chloride,  experiments  were  made  with  a  view  to  replacing 
the  copper  solution  with  an  ammoniacal  solution  of  a  silver  salt; 
but  the  white  or  yellowish  precipitate  of  silver  carbide  was  so 
much  less  characteristic  and  so  much  harder  to  detect  in  small 
amounts  than  the  red  copper  carbide  that  the  formation  of  the  latter 
is  the  more  useful  test  even  when,  as  in  the  presence  of  carbon 
bisulphide,  the  copper  solution  used  can  not  be  decolorized. 

"  Bcr..  8S9  p.  697;  1899. 
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ic)  SSMOVAL  or  ACBTTWn  WBCfM  CMJLCXUM  CASBQ>S 

In  order  to  remove  the  acetylene  (or  water)  which  is  alwajrs 
contained  in  conunerdal  calciirm  carbide,  it  is  necessary  to  boil 
the  carbide  with  one  or  two  portions  of  the  anhydrous  solvent, 
the  liquid  being  conQ>letely  evaporated  before  the  carbide  is 
used*  In  case  it  is  not  desired  to  use,  for  this  purpose,  the  solvent 
which  is  subsequently  employed  in  the  water  determination^  anhy- 
drous ether  may  alwa)rs  be  used. 

2.  METHOD  OF  MAKIHG  TEST 

The  test  for  water  is  carried  out  most  simply  by  adding  the 
substance  to  be  tested,  together  with  the  solvent,  to  a  few  pieces 
of  calcium  carbide  which  have  been  '*  boiled  out,*'  as  described  in 
the  preceding  paragraph,  in  a  test  tube.  The  test  tube  is  closed 
by  a  dry  cork  or  other  stopper  and  shaken  occasionally  without 
allowing  the  liquid  to  touch  the  stopper.  Two  or  three  min- 
utes' contact  with  the  carbide  is  usually  sufiScient.  The  tube  is 
allowed  to  stand  long  enough  for  the  carbide  to  settle  and  the  clear 
solvent  decanted  into  the  cuprous  solution,  with  which  it  is  vig- 
orously shaken.  It  might  be  supposed  that  small  particles  of 
carbide  would  be  carried  into  the  aqueous  solution  and  that  the 
acetylene  so  produced  would  make  the  test  of  no  value;  but  very 
littie  diflSculty  is  experienced  from  this  source.  The  high  density 
of  the  carbide  causes  even  very  small  pieces  to  settie  rapidly,  and 
particles  which  are  carried  into  the  precipitating  solution  are 
immediately  surrounded  by  a  dense  precipitate  which  causes  them 
to  appear  as  black  specks  easily  distinguished  from  the  bright  red, 
flocculent  precipitate  produced  by  dissolved  acetylene. 

In  testing  solids,  it  is  preferable  to  use  as  a  solvent  for  the 
acetylene  a  liquid  which  also  dissolves  the  solid  tmder  examination. 
This  is  not  absolutely  necessary,  however,  since  an  anhydrous 
liquid  will  generally  extract  water  quite  readily  from  a  solid  con- 
taining it,  provided  the  solid  is  in  a  fine  state  of  division.  Tests 
for  water  in  powdered  sugar  have  been  made  successfully  by  the 
use  of  ether,  in  which  sugar  is  nearly,  if  not  entirely,  insoluble. 
Tests  of  nonvolatile  acids  or  other  compoimds,  which  it  is  not  de- 
sirable to  bring  into  contact  with  carbide,  may  be  made  by  adding 
an  anhydrous  liquid,  which  is  then  distilled  off  and  tested  for 
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water,  either  by  passing  over  carbide  in  vapor  form  or  in  the  usual 
manner  after  condensation.  Gases  may  be  tested  by  simply 
passing  over  carbide,  which  has  been  freed  from  acetylene,  and 
into  the  cuprous-chloride  solution. 

3.  BLAKK  TBSTS 

Whatever  procedure  is  adopted,  it  is  necessary  to  make  a  blank 
test  before  using  the  method  to  detect  water  in  the  sample  tmder 
examination.  When  testing  an  organic  liquid  by  simple  contact 
with  carbide  and  decantation,  it  is  only  necessary  to  insure  the 
removal  of  all  acetylene  previously  held  by  the  carbide.  Boiling 
out  two  or  three  times  with  the  liquid  under  test  or  with  ether,  in 
the  manner  already  described,  is  always  su£Scient  to  accomplish 
this.  Any  acetylene  fotmd  in  portions  of  the  liquid  subsequently 
added  is  due  to  water  in  the  sample.  When  using  an  anhydrous 
solvent  or  when  distilling  in  hydrogen  it  is  necessary  to  make  the 
blank  test  in  the  same  manner  as  the  test  for  water. 

« 

4.   COMPOUNDS  niTBRFBRniO  WTIH  THE  TEST 

The  usefulness  of  any  qualitative  test  is,  of  course,  largely  deter- 
mined by  the  number  of  compotmds  which  will  give  the  reaction 
in  question.  Masson  ^  states  that  of  all  the  substances  dealt  with 
in  ordinary  circumstances,  water  is  the  only  one  which  has  any 
chemical  action  on  carbide.  A  consideration  of  the  reaction 
between  water  and  calciimi  carbide  and  that  occurring  in  neutrali- 
zation shows  that  in  the  presence  of  an  acid  water  might  be 
expected  to  form  as  rapidly  as  it  is  removed  tmtil  the  hydrogen 
of  the  acid  has  been  quantitatively  converted  into  acetylene  by 
the  following  cycle  of  reactions : 

CaC,  -f  2H,0-Ca(0H),+C,H, 
Ca(OH),  +  2H(A)  -Ca(A),  +  2H,0 

In  the  case  of  the  weaker  organic  acids,  at  least,  this  does  not 
take  place,  probably  because  of  the  fact  that  no  neutralization 
occurs  in  a  nearly  anhydrous  solution,  and  the  formation  of  acety- 
lene seems  to  give  a  good  qualitative  test  for  water  in  spite  of  the 
possible  reaction  between  the  acid  and  calciimi  hydroxide. 

*Chan.  News.  IM,  pp.  37-38  (1911);  J.  Chem.  Soc.,  97^  p.  851;  1910. 
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Masson  found  that  crystalline  acids  and  acid  salts,  including 
those  which  contain  water  of  crystallization  readily  removed  by 
calcium  carbide,  do  not  react  as  acids,  when  treated  with  calcium 
carbide,  with  either  the  carbide  or  the  calcium  hydroxide  resulting 
from  reaction  with  the  water  of  crystallization.  Experiments  by 
the  author  with  acids  in  anhydrous  solution  showed  that  in  some 
cases,  at  least,  the  acid  in  solution  is  quite  as  inactive  as  were  the 
acids  in  Masson's  experiments.  Thus  a  i  g  sample  of  fused  benzoic 
acid  was  dissolved  in  ether  and  boiled  with  calcium  carbide  under 
a  reflux  condenser  for  15  minutes  without  producing  a  trace  of 
acetylene.  Solutions  of  oleic  and  phthalic  acids  have  been  fotmd 
to  behave  in  the  same  manner.  Ordinary  glacial  acetic  acid 
reacts  vigorously  with  the  production  of  acetylene,  but  neither 
acetic  anhydride,  nor  acetic  acid  containing  a  considerable  excess 
of  acetic  anhydride,  do  so.  Sulphuric  acid  of  all  concentrations, 
including  that  containing  an  excess  of  sulphur  trioxide,  causes  a 
continuous  slow  evolution  of  acetylene.  Even  in  cases  when 
acetylene  is  evolved  on  testing  the  weaker  organic  acids,  it  would, 
of  cotnse,  be  impossible  to  say,  without  first  testing  acids  of 
known  water  content,  how  much,  if  any,  of  the  acetylene  was 
formed  by  the  acid  itself. 

In  his  experiments  upon  the  determination  of  water  by  the 
measurement  of  the  acetylene  evolved,  McNeiP^  fotmd  that  a 
larger  volume  of  gas  was  evolved  from  glycerol  and  from  oleic 
add  than  could  be  accounted  for  by  the  amotmt  of  water  present. 
In  view  of  the  behavior  of  related  compoimds,  it  seemed  improb- 
able that  this  could  be  due  to  the  production  of  acetylene  from 
the  compounds  themselves,  except  that  in  the  case  of  oleic  acid 
continuous  neutralization  and  reaction  with  the  water  so  formed 
might  be  expected  to  take  place  as  with  any  other  acid.  In  order 
to  test  this  point,  thoroughly  dried  samples  of  the  two  compounds 
were  prepared.  The  large  water  content  of  the  best  samples 
available  was  not  materially  reduced  by  heating  for  three  hours  at 
100^,  in  a  stream  of  air  dried  over  phosphorus  pentoxide  and  at  a 
pressure  of  less  than  half  an  atmosphere.  The  oleic  acid  was 
therefore  dissolved  in  anhydrous  ether,  the  ether  distiUed  off  under 
reduced  pressure,  and  the  acid  heated  to  1 10°.    This  operation  was 

*^  Bureau  of  Chonistry,  Circular  No.  97;  191  >• 
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repeated  several  times.  Glycerol  was  treated  in  the  same  way, 
using  alcohol  as  a  solvent  instead  of  ether.  By  this  procedure, 
both  oleic  acid  and  glycerol  were  obtained  which  did  not  give  any 
trace  of  acetylene  after  contact  with  calcium  carbide,  either  when 
used  alone  or  in  solution  in  ether  or  alcohol.  An  elevated  tem- 
perature (as  high  as  120^)  did  not  cause  any  reaction  which  could 
be  detected.  

5,   SENSrnVKlVKSS  OF  TBST 

This  method  for  the  detection  of  water  is  very  sensitive.  Nu- 
merous tests  were  made  by  the  simple  method  of  decantation  of 
the  solvent  after  contact  with  carbide,  using  samples  of  gasoline, 
benzene,  and  ether,  which  gave  perfect  blank  tests.  Ejaown 
amotmts  of  water  were  introduced  by  adding  nearly  absolute 
alcohol,  the  water  content  of  which  had  been  determined  by  £.  C. 
McKelvy,  of  this  Bureau,  by  the  method  of  critical  solution 
temperature." 

The  results  indicated  about  the  same  degree  of  sensibility  in 

the  case  of  the  three  above-named  solvents,  o.oi  to  0.03  mg  of 

water  per  cubic  centimeter  of  the  solution  in  contact  with  the 

carbide  being  the  limit  at  which  the  formation  of  a  precipitate 

could  be  detected.    Other  tests  made  by  adding  a  known  weight 

of  water  dissolved  in  anhydrous  ether  showed  about  the  same 

sensibility.    Tests  made  upon  other  solvents,  in  which  a  blank 

test  showed  a  trace  of  water,  indicated  that  the  test  made  with 

alcohol  was  less  sensitive  than  with  the  solvents  mentioned  above, 

but  more  sensitive  than  with  acetone.     Ethyl  acetate,  chloroform 

and  carbon  tetrachloride  showed  about  the  same  sensibility  as 

ether. 

SUMMARY 

A  colorimetric  method  for  the  detection  of  small  amounts  of 
acetylene  has  been  developed  in  the  cotirse  of  an  investigation 
upon  the  determination  of  small  amotmts  of  water  by  the  use  of 
calcium  carbide.  The  results  upon  the  quantitative  determination 
of  water  have  not  been  satisfactory,  but  a  simple  and  very  sensitive 
qualitative  test  for  water  is  easily  made. 

The  method  for  the  determination  of  acetylene  has  been  worked 
out  successfully.    The  determination  is  made  by  conducting  the 

s>  This  BuUctin.  9,  p.  344. 
41410*— 16 5 
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gas  to  be  investigated  into  an  ammoniacal  solution  of  cuprous 
chloride  containing  gelatine  and  alcohol,  and  comparing  the  red 
colloidal  solution  so  obtained  with  a  suitable  standard,  which 
may  be  either  a  solution  of  red  dye  or  a  piece  of  ruby  glass. 

After  a  careful  investigation  of  the  effect  of  varying  the  com- 
position of  the  absorbing  solution  the  following  procedure  was 
adopted  in  making  up  the  solution:  Dissolve  0.25  g  of  gelatin  in 
hot  water,  dilute  to  500  cc,  and  add  500  cc  of  95  per  cent  alcohol 
and  1 .25  g  of  hydroxy lamine  hydrochloride.  To  20  cc  of  this  solu- 
tion add  ID  cc  of  concentrated  ammonium  hydroxide  and  a  small 
amotmt  of  cuprous  chloride.  After  the  absorption  of  the  acety- 
lene the  solution  is  diluted  to  100  cc  and  compared  in  a  color- 
imeter with  the  standard  which  has  been  chosen.  The  standard 
used  in  the  experimental  work  was  a  solution  containing  chro- 
manilbratm  R,  carmoisine  B,  and  gimi  arable.  A  more  conven- 
ient, though  less  acctu^te,  standard  is  a  fixed  depth  of  a  solution 
of  azolitmin.  If  10  cm  of  a  solution  of  azolitmin  containing  i  part 
of  the  dye  to  2500  parts  of  water  is  used  as  standard,  the  amotmt 
of  acetylene  in  100  cc  of  colloidal  solution  may  be  calctdated  from 
the  equation  X— 0.13^+0.03,  where  X- number  of  milligrams 
of  acetylene  and  ^  « 10  -4-  number  of  centimeters  of  colloidal  solution 
required  to  match  the  standard. 

The  method  is  very  sensitive.  Amounts  of  acetylene  as  small 
as  0.03  mg  may  be  detected  and  amounts  up  to  2  mg  may  be 
determined  with  an  accuracy  of  better  than  0.05  mg. 

Hydrogen  sulphide  and  large  amotmts  of  oxygen  and  carbon 
dioxide  interfere  with  the  test,  but  all  of  these  may  be  removed 
by  passing  the  gas  to  be  tested  through  a  hot  alkaline  solution  of 
pyrogallol  without  loss  of  acetylene. 

A  qualitative  test  for  water,  sensitive  to  less  than  o.  i  mg,  may 
be  very  easily  and  quickly  made  by  bringing  the  substance  to  be 
tested  into  contact  with  calcium  carbide  in  the  presence  of  a  sol- 
vent for  acetylene,  which  is  then  decanted  or  distilled  into  an 
ammoniacal  solution  of  cuprous  chloride.  Nearly  all  the  com- 
mon organic  liquids  are  suitable  for  use  if  carefully  dried.  The 
method  is  applicable  to  a  great  variety  of  substances  and  especially 
to  volatile  organic  compoimds.  The  only  compounds  known  to 
interfere  with  the  test  are  the  stronger  acids  and  substances,  such 
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as  hydrogen  sulphide,  which  precipitate  cuprous  salts  from  solu- 
tion. 

The  investigation  required  some  experiments  upon  the  deter- 
mination of  larger  amounts  of  acetylene  by  precipitation  with 
cuprous  chloride  and  subsequent  determination  of  the  copper. 
It  was  fotmd  that  in  order  to  obtain  accurate  results  by  this 
method  it  is  absolutely  necessary  to  carry  out  the  filtration  and 
washing  of  the  precipitate  in  the  absence  of  air. 

Washington,  November  2,  191 5. 
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I.  INTRODUCTION 
1.  PRELIMINARY 

One  of  the  most  important  factors  in  the  development  of  the 
sugar  industry  in  the  last  few  years  has  been  the  increased  accuracy 
in  the  testing  of  sugars  and  sugar  products.  The  same  period  has 
also  seen  an  augmented  use  of  the  saccharimeter  ^  as  an  instru- 
ment of  precision  for  general  scientific  research.  It  is  therefore 
important  that  all  questions  regarding  the  accuracy  of  the  funda- 
mental constants  of  sugar  polarimetry  *  as  well  as  any  tmcertainty 
regarding  the  basis  of  standardization  be  eliminated. 

In  the  development  of  apparatus  for  the  analysis  of  sugars  the 
necessity  for  rapidity  and  simplicity  has  resulted  in  these  factors 
being  given  consideration  almost  commensurate  with  that  of 
accuracy.  Thus,  sugar-testing  polariscopes  are  so  designed  that 
the  reading  of  the  scale  gives  the  percentage  of  sucrose  directly. 
This  has  been  attained  in  the  following  way : 

^  Sugar  in  commoa  with  a  large  class  of  other  substances  alters  or  "rotates"  the  plane  of  vibration  of 
plane-polarized  light  by  an  amount  almost  catactly  proportional  to  its  concentration.  This  property  haa 
been  utilized  for  the  exact  analysis  of  these  substances  in  instruments  called  sacdiarimeters  and  polari- 
meters. 
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Let  the  rotation,  for  plane-polarized  light,  of  a  100  cc  solution 
containing  M  grams  of  sucrose  be  ^.  If  a  second  solution  contain 
M  grams  of  an  impure  sugar  in  100  cc,  its  rotation  will  be  0\ 
Let  p  be  the  per  cent  of  sucrose  in  the  imptu-e  sugar.  Since  the 
concentration  of  the  first  solution  is  M,  the  concentration  of  the 

second  solution  is  ^ — .     If  we  assiune  that  the  rotation  of  a 

100 

sugar  solution  is  proportional  to  its  concentration,  we  have 

p^ ^.     Hence,  if  0  be  assumed  100  and  the  scale  on  which 

the  rotation  is  measured  be  so  marked  when  the  first  solution  is 
read,  the  reading  of  the  second  solution  gives  directly  the  per- 
centage of  sugar  present.  Usage  has  designated  M  as  the  nonnal 
weight  and  the  first  solution  as  the  nonnal  solution.  If  M  be  a 
fixed  value,  0  is  the  rotation  of  the  normal  solution,  and  since  it 
fixes  the  100®  S  (see  p.  71)  point  of  the  saccharimeter,  its  value  in 
circular  degrees  for  monochromatic  light  is  a  ftmdamental  constant. 
In  practice  it  has  long  been  foimd  advantageous  to  control  the 
reading  of  the  scale  by  the  use  of  the  unchanging  quartz  plate, 
thereby  obviating  the  difficult  measurement  with  the  nonnal 
sugar  solution.  The  normal  quartz  plate  may  be  defined  as  that 
plate  which  has  the  same  rotation  on  the  saccharimeter  as  the 
normal  solution.  It  must  read  100  on  the  quartz- wedge  scale. 
In  determining  the  value  of  a  plate,  however,  it  is  desirable  to 
take  advantage  of  the  high  precision  afforded  by  the  polarimeter 
in  which  monochromatic  light  is  used.  It  thus  becomes  necessary 
to  know  accurately  the  rotation  in  circular  degrees  of  the  normal 
quartz  plate  for  the  wave  length  of  the  monochromatic  light 
source.  This  value  is  known  as  the  conversion  factor,  because  the 
value  of  any  plate  in  terms  of  the  normal  sugar  solution  may  be 
obtained  directly  by  dividing  its  rotation  in  circular  degrees  by 

the .    The  value,  once  it  is  established,  becomes 

100 

the  permanent  record  of  the  series  of  measurements  which  estab- 
lish the  100®  point  of  the  saccharimeter.  The  accurate  determina- 
tion of  the  conversion  factor  is  thus  of  great  importance;  and  the 
necessity,  for  scientific  and  industrial  purposes,  that  there  be 
agreement  on  the  magnitude  of  this  constant  by  the  different 
governments  is  apparent. 
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2.  THB  VBNTZKB  SCALE 

Uncertainty  r^;arding  the  exact  basis  of  standardization  has 
existed  from  the  beginning  of  the  development  of  methods  for 
sugar  testing.  Ventzke*  early  proposed  as  the  normal  sugar  solu- 
tion one  which  should  have  at  17? 5  a  specific  gravity  of  i.ioo 
referred  to  water  at  17? 5.  This  solution  contains  in  100  cc 
26.048  g  of  sugar,  weighed  in  air  with  brass  weights.  Subse- 
quently the  Mohr  flask  (100  Mohr=  100.234  cc)  displaced  the 
loo-cc  flask  and  saccharimeter  scales  were  graduated  accordingly. 
Most  of  the  instruments  now  in  use  are  thus  graduated  according 
to  the  following  definitions:  The  normal  sugar  solution'  contains 
26.048  g  of  sucrose,  weighed  in  air  with  brass  weights,  in  100  Mohr 
ccat  i7?5  C.  This  is  polarized  at  i7?5  C  in  a  20-cm  tube,  the 
quartz  wedges  of  the  saccharimeter  being  at  1 7?5  C.  Schonrock  * 
determined  the  conversion  factor  for  X  =  5892.5  A*  and  obtained 
the  value 

ioo^-34?68±o?02  at  17? 5  C  or 

100^-  34?69  at  20°  C.  (i) 

This  measttrement  has  never  been  made  at  the  Bureau  of  Stand- 
ards. 

3.  SCALE  OF  THB  INTBRNATIONAL  SUGAR  COMMISSION 

Because  of  the  confusion  resulting  from  the  use  of  the  Mohr 
flask,  and  the  inconvenience  of  a  temperature  of  i7?5  C,  the 
International  Sugar  Commission  in  1900*  adopted  the  following 
rational  basis  of  standardization  which  has  been  generally  applied 
by  makers  of  saccharimeters: 

(i)  In  general,  all  sugar  tests  shall  be  made  at  20^  C. 

(2)  The  graduation  of  the  saccharimeter  shall  be  made  at  20®  C. 
Twenty-six  grams  of  pure  sugar,  dissolved  in  water,  and  the 
volume  made  up  to  100  metric  cubic  centimeters,  or  during  the 
period  of  transition  26.048  g  of  pure  sugar  in  100  Mohr  cubic 
centimeters,  all  weighings  to  be  made  in  air  with  brass  weights, 

•  Ventzke,  Prakt*  Chem.,  S6,  p.  £4  (x84s):  M,  p.  zxz  (1843). 

•  Landoh.  Optische  Drdmngs-vermOfn,  p.  335  (1898). 
*Sdi5nrock.  Zs.  Instrk.,  !•,  p.  349  (1896). 

•  The  Aiisstram  tmit  (A)  whidi  is  Gonunoaly  used  in  designating  the  wave-length  oC  li^t  it  one 
thousandth  of  a  millinietcr  (jcT*  nun). 

•  Zs.  Ver.  Zndcerind.i  M,  I,  p.  357  (1900);  Wiecfamann's  Sugar  Analysis,  3d  ed.,  p.  922  (X9X4). 


j^lLi^  Constants  of  the  Quartz-Wedge  Saccharimeter  71 

the  completion  of  the  volume  and  the  polarization  to  be  made  at 
20^  C  on  an  instrument  graduated  at  20^  C,  should  give  an  indica- 
tion of  100  on  the  scale  of  the  saccharimeter. 

(3)  Preparation  of  pure  sugar:  Purest  commercial  sugar  is  to 
be  further  purified  in  the  following  manner :  A  hot  saturated  aque- 
ous solution  is  prepared  and  the  sugar  precipitated  with  absolute 
ethyl  alcohol;  the  sugar  is  carefully  sptm  in  a  small  centrifugal 
machine  and  washed  in  the  latter  with  absolute  alcohol.  The 
sugar  thus  obtained  is  redissolved  in  water,  the  saturated  solu- 
tion again  precipitated  with  alcohol  and  washed  as  above.  The 
product  of  the  second  crop  of  crystals  is  dried  between  blotting 
paper  and  preserved  in  glass  vessels  for  use.  The  moisture  still 
contained  in  the  sugar  is  determined  and  taken  into  accoimt 
when  weighing  the  sugar  which  is  to  be  used. 

The  method  of  the  international  commission  was  early  adopted 
by  this  Bureau  as  the  official  method.  Saccharimeters  designed 
for  26.048  g  in  100  Mohr  cc  at  1 7?5  C  merely  need  to  be  controlled 
by  a  quartz  plate  standardized  for  26  g  in  100  cc  at  20^  in  order 
that  they  may  give  polarizations  nearly  identical  with  sacchari- 
meters designed  for  the  new  scale. 

4.  THE  HBRZFBID-SCHONROCK  mVBSTIGATION 

The  change  in  the  basis  of  standardization  made  necessary  a 
revision  of  the  100^  point  and  a  new  determination  of  the  con- 
version factor  to  replace  the  old  value,  100**  Ventzke'  — 34?69 
circular  degrees  at  2o<'  C.  The  investigations  were  made  by 
Herzfeld'  and  his  coworkers,  in  the  Institut  fflr  Zucker-Industrie, 
and  Schdnrock*  of  the  Physikalisch-Technische  Reichsanstalt. 

Ten  quartz  plates  having  rotations  approximately  equal  to  the 
normal  plate  were  examined  at  the  Reichsanstalt  for  optical 
purity,  plane  parallelism,  and  axis  error.  The  rotation  values  in 
circular  degrees  for  spectrally  purified  sodium  light  (X  »  5892.5  A) 
were  also  determined  at  the  Reichsanstalt.    The  rotation  values 

'  Tnawmifh  ma  the  wctd  Vcntike  in  the  expnjmon  ioo*Vcntzke  or  xoo*V  has  become  indiMolubly  linked 
with  the  older  icale  and  thai  oonvcyi  a  definite  idea  ol  the  values  pertaining  to  that  teak,  its  use  has  been 
cwifinfd  to  that  scale  at  this  Boreau.  For  the  scale  adopted  by  the  international  commission  the  word 
"sacar"  has  been  adopted  in  order  to  avoid  ooniuskm;  the  term  *'  xoo*  sugar"  or  "  zoo*  S"  corresponding 
for  thencw  scale  to  the  older  term  *'  zoo*  Ventske"  or  "  loo*  V.'*  It  is  hoped  that  this  usage  will  become 
gcnexaL    When  not  otherwise  ^*«*g««**^  the  drcolar  degree  is  meant. 

'  Zs.  Ver.  Zuckerind..  M,  U,  p.  8a6  (1900). 

*  Zs.  Ver.  Zuckerind.,  44,  II,  p.  sax  (z9Q4)* 
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in  sugar  degrees  were  measured  at  the  Institut  fUr  Zucker- 
Industrie  in  conformity  with  the  definition  of  the  new  sugar 
scale.  The  source  of  light  was  a  Welsbach  gas  mantle.  The 
radiation  was  filtered  through  a  layer  of  a  6  per  cent  potassium 
bichromate  solution  1 5  mm  thick  before  it  entered  the  polarizing 
system.  The  results  of  the  investigation  are  summarized  by 
Schonrock"  in  Table  1,  where  v  is  rotation  in  sugar  degrees,  a, 
rotation  m  circular  degrees,  and  u^  rotation  of  the  normal  plate  in 


circular  degrees:  u 


looa 

V 


and  v' 


lOoa 
34.657 


TABLE  1 
Stmuiitry  of  Herzidld-SchOnxock  Metsturemfliits 


Plate  No. 

V 

ill  sisssr 
dsgraM 

Incfacalar 
dagnM 

InclrcttUr 
dagnM 

v' 
Innsgar 
dsgraM 

dOgCMS 

1 

2 

3 

4 

5 

6 

1  99 

99.72 
96.97 
98.43 
96.85 
10a97 

loaoo 

99.99 

loaoo 

99.97 
100.05 

34.529 
33.577 
34.114 
33.575 
35.035 
84.683 
34.640 
34.654 
34.638 
34.680 

34.626 
34.626 
34.658 
34.667 
34.698 
34.683 
34.643 
34.654 
34.648 
34.663 

99.63 
96.88 
9a  43 
96.88 
101.09 

ioao8 

99.95 
99.99 
99l9S 

ioao7 

+ao9 

2  99 

+ao9 

8  99 

aoo 

4  99 

—a  03 

5  99 

—a  12 

6  99 

.  -ao8 

7  99 

+ao4 

8  99 

+0.01 

9  99 

+ao2 

10  99 

—a  02 

MMm  34.657  B  (10)-  ±0.023. 


The  data  show  that 


loo® sugar -34?657±o?023(X=« 5892, 5  A)at20®C.         (2) 

which  by  definition  is  the  rotation  of  the  normal  quartz  plate. 
It  will,  however,  be  observed  that  the  variations  in  the  values  of  u 
are  considerably  larger  than  should  be  expected,  the  maximum 
deviation  from  the  mean  being  o?04i.  Only  a  small  part  of  each 
of  these  differences  is  to  be  sought  in  the  values  of  a,  and  we  are 
forced  to  conclude  that  considerable  errors  probably  exist  in  the 
values  of  v.  In  fact,  Sch5nrock"  states  that  errors  of  o?io  S  are 
possible. 


i*I«oc.  cit.,  p.  533. 


^1 1«oc.  dt.,  p.  SM- 
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5.  PURPOSE  AND  OUTLINB  OF  THE  PRESBHT  INVESTIOATION 

For  some  years  it  has  been  noted  at  this  Bureau  that  the  normal 
sugar  solution,  prepared  from  samples,  both  of  cane  and  of  beet 
origin,  issued  by  the  Institut  fiir  *  Zucker-Industrie,  reads  less 
than  100®  S  on  the  saccharimeter  scale.  Because  of  this  fact  and 
of  the  necessity  of  the  Bureau  making  careful  scrutiny  of  the  values 
of  fundamental  constants  used  in  its  standardizations,  the  follow- 
ing investigation  was  undertaken.  Owing  to  the  absence  of  a 
more  accurate  value,  and  the  desirability  of  a  uniform  procedure 
among  the  different  standardizing  institutions,  34? 65 7  has  thus 
far  been  accepted  by  the  Bttreau  as  the  value  of  the  conversion 
factor. 

The  value  of  the  conversion  factor  determined  by  Herzfeld  and 
Schonrock,  as  stated  above,  is  for  spectrally  purified  sodium  light, 
the  optical  center  of  gravity  of  Dj  and  D,  being  taken  as  5892.5  A. 
It  is  to  be  regretted  that  they  did  not  measttre  the  rotation  of 
the  normal  solution  in  circular  degrees.  It  has  been  shown  "  by 
one  of  us  that  the  so-called  yellow-green  line,  X  «  5461  A  of  the 
mercury  spectrum  possesses  marked  advantages  over  X  =  5892.5  A 
as  the  standard  light  soiu-ce  for  polarimetric  work.  It  is  more 
stable,  has  a  greater  intensity,  and  is  far  easier  to  obtain  piu'e  at 
the  high  intensity  required  We  have  therefore  utilized  this 
mercury  line  as  the  fundamental  source  upon  which  all  our  meas- 
urements are  either  directly  or  indirectly  based.  With  this  source 
it  is  far  easi^  to  measure  with  high  precision  the  rotation  of  quartz 
plates  and  of  the  difficultly  prepared  normal  solutions.  A  smaller 
nmnber  of  determinations  is  required  and  the  labor  of  maintaining 
constant  temperatiu-es,  preparation  of  materials,  etc.,  is  reduced. 
It  is  then  possible  to  utilize  accurately  determined  ratios  to  obtain 
the  rotations  for  other  light  soiu-ces.  Thus  we  have  determined 
the   conversion   factor   for  X  =  546i  A,    and    since   the   ratio, 

9x»;89a.^  A^  whcrc  0  is  the  rotation  of  quartz,  has  been  accurately 
^x-5461.  A 

measured  at  this  Bureau,  we  may  obtain  the  value  of  the  con- 
version factor  in  terms  of  X  =  5892.5  A,  as  well  as  calctdate  it  by 
using  the  sodium  values  of  the  quartz  plates.     We  have  likewise 

"  Bates.  Bull.  Bur.  Standards  S,  p.  S39,  Reprint  No.  34  (1906). 
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determined  a  similar  ratio  for  sucrose  and  thus  obtained  the 
rotation  of  the  normal  solution  for  X  —  5892.5  A. 

A  survey  of  the  literature  shows  the  large  amount  of  work  that 
has  been  done  by  different  investigators  upon  the  specific  rota- 
tion, as  compared  with  the  other  optical  constants  of  sucrose,  and 
the  agreement  between  the  different  values  found  is  such  that  we 
can  assume  the  specific  rotation  to  be  known  with  considerable 
acciu-acy.  Having  determined  the  rotation  of  the  normal  solution 
for  X  —  5892.5A  we  have  calculated  the  specific  rotation  and  thus 
obtained  a  direct  comparison  of  our  work  on  the  100°  S  point  with 
previous  investigations  on  the  specific  rotation.  We  have  also 
made  many  other  experiments  and  with  the  aid  of  the  data  secured 
we  have  been  able  to  secure  values  for  a  number  of  other  important 
constants. 

In  carrying  out  this  wo?-k  we  have  devoted  much  effort  to 
seeming  sucrose  of  as  high  a  degree  of  purity  as  possible.  Pre- 
vious methods  for  the  preparation  of  chemically  pure  sucrose  have 
consisted  almost  exclusively  of  some  mode  of  precipitation  from 
aqueous  solution  by  alcohol.  While  these  methods,  if  great  care 
in  manipulation  is  taken  and  if  the  substance  is  not  permitted 
to  remain  long  in  hot  solution,  are  capable  of  yielding  material 
of  high  ptirity,  it  seemed  advisable  in  imdertaking  a  study  of  the 
purification  to  utilize  as  great  a  variety  of  methods  of  preparation 
as  possible. 

The  method  of  pttrification  which  has  been  of  such  importance 
in  industrial  sugar  work,  but  which  has  been  practically  overlooked 
as  a  means  of  preparing  the  chemically  pure  substance,  is  that  of 
crystallization  from  ptire  aqueous  solution.  As  this  method  has 
proved  a  most  economical  one,  both  in  respect  to  time  and  material, 
we  have  used  it  as  our  main  reliance  in  preparing  sucrose  for  the 
manifold  uses  of  the  Bureau  of  Standards. 
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n.  PREPARATION  OF  MATERIALS 

1.  ACCBSSORT  MATBRULS 

• 

(a)  Water. — ^For  the  preliminary  operations  of  purification 
once-distilled  water  was  used;  for  the  more  careful  work  the 
water  was  redistilled  after  the  addition  of  a  small  quantity  of 
alkali  and  potassium  permanganate.  The  first  third  of  the  dis- 
tillate was  rejected. 

(6)  Ethyl  Alcohol. — Commercial  grain  alcohol  was  redistilled 
after  the  addition  of  caustic  alkali.  The  first  and  final  fotu^s  of 
the  distillate  were  rejected.  For  the  more  careful  work  the  selected 
portion  was  redistilled  and  the  middle  fraction  again  selected. 
No  attempt  was  made  to  eliminate  moisture.  The  product 
answered  the  requirements  of  the  present  work  if  it  was  free  from 
acids  and  if  it  evaporated  without  residue.  The  aldehyde  content 
was  too  small  to  be  made  evident  by  the  caustic  alkali  or  silver 
nitrate  tests. 

(c)  Methyl  Alcohol. — ^The  impure  material  was  shaken  with 
lime  and  distilled.  The  first  and  last  fifths  of  the  distillate  were 
rejected.  The  middle  portion  was  again  distilled  from  lime  and 
only  the  middle  third  utilized  for  experiment. 

2.  CRYSTALLIZATION  OF  SUCROSE  FROM  AQUEOUS  SOLUTION 

Through  the  courtesy  of  Dr.  F.  G.  Wiechmann  a  quantity  of 
the  purest  cane  sugar  of  commerce  was  obtained.  It  was  dissolved 
in  distilled  water  to  form  a  40-50  per  cent  solution.  This  solution 
in  addition  to  solid  insoluble  impurities  contained  suspended 
albumenoid  material  which  had  escaped  clarification  in  the  refin- 
ing process.  This  material  in  the  main  passed  through  filter 
paper  and  was  not  entirely  removed  even  after  recrystallization. 
To  remove  it  the  dilute  sugar  solution  was  shaken  thoroughly 
with  a  quantity  of  "  alumina  cream  *'  which  had  been  washed  free 
from  dissolved  substances.  It  was  then  poured  on  large  folded 
filters  of  hardened  filter  paper.  The  filtrate  was  brilliant  in 
appearance  and  entirely  free  from  suspended  material. 

The  boiling  of  the  solution  to  the  required  supersaturation 
was  accomplished  in  the  vacuum  boiling  apparatus,  which  is 
shown  diagrammatically  in  Fig.  i.    The  entire  assembly,  with  the 
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exception  of  the  aluminum  vessel  B  and  condensing  coils  C, 
is  of  glass,  and  with  the  exception  of  the  small  asbestos  filter  the 
amp  never  comes  in  contact  with  any  other  substance.  The 
evacuating  is  done  by  a  pimip  connected  at  D.  The  solution  is 
placed  in  the  flask  A,  and  the  entire  system  evacuated  up  to  the 
cock  E.  This  cock  is  then  carefully  opened  and  the  solution 
slowly  driven  through  the  asbestos  filter  into  the  boiling  flask  F, 
capacity  13  liters.     Here  it  is  warmed  by  the  water  bath,  and  the 


Fig.  I. — Vacuum  apparatutfor  concentrating  sirupt 

temperature  of  the  sirup  noted  on  the  thermometer  G.  In  order 
to  obtain  any  desired  boiling  point  it  is  only  necessary  to  regulate 
the  pressure.  The  degree  of  the  vacuum  is  indicated  by  the 
mercury  gauges  H  H.  The  efficiency  of  the  assembly  is  such 
that  si]*up  is  rapidly  brought  to  the  desired  concentration  of 
about  So  per  cent  at  a  temperattu-e  below  32°  C.  This  is  made 
possible  by  the  high  efficiency  of  the  condensing  system  and  by 
having  all  joints  carefully  ground  to  a  fit.     The  stop  cocks  are 
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lubricated  with  water  or  sugar  sirup.  As  rapidly  as  the  vapors 
condense  they  pass  into  the  vessel  /,  and  subsequently  by  closing 
the  cock  L  and  opening  M  are  expelled  into  K,  from  which  the 
liquid  is  eventually  driven  into  the  waste. 

The  question  of  size  of  oystals  is  of  the  first  importance.  In 
general  the  smaller  the  crystals  the  less  the  included  mother 
liquor.  When  the  solution  in  the  boiling  flask  F  has  reached  the 
desbed  concentration,  the  vacuum  is  broken  at  N  and  the  solution 
poured  out  to  crystallize.  Crystallization  does  not  begin  in  these 
pure  solutions  tmtil  they  are  seeded  with  a  few  fine  oystals  of 
sugar.  This  is  done  after  the  solution  is  removed  from  the  boiling 
flask.  Two  methods  of  crystallization  were  used.  In  the  first 
the  concentrated  solution  is  transferred  to  a  precipitation  jar. 
It  is  then  carefully  stirred  with  a  glass  rod  provided  with  a  glass 
shield.  This  procedure  gives  satisfactory  results  so  far  as  the 
size  of  crystals  is  concerned,  but  it  is  laborious.  In  the  second  the 
liquid  is  transferred  to  a  crystallizer  consisting  of  a  glass  flask  or 
bottle  held  securely  in  a  hardwood  box  mounted  on  bearings 
and  driven  by  an  electric  motor.  After  standing  overnight,  the 
crystal  mass  is  potved  on  a  centrifuge  and  thoroughly  drained 
of  mother  liquor. 

After  considerable  experimenting  with  ordinary  laboratory 
centrifuges,  including  the  construction  of  three  baskets  in  the 
Bureau  of  Standards  shops,  it  was  found  that  an  especially 
designed  centrifuge  was  necessary  for  the  present  work.  A  cross 
section  of  the  one  finally  utilized  is  shown  in  Pig.  2.  This  centri- 
fuge was  built  for  this  work  by  the  International  Instrument  Co. 
of  Cambridge,  Mass.,  and  has  met  all  requirements.  Its  height 
over  all  is  2  feet,  and  it  requires  but  4  square  feet  of  floor  space. 
All  surfaces  with  which  either  the  crystals  or  the  mother  liquor 
can  come  in  contact  are  silver  or  nickel  plated.  The  basket  is 
carried  on  the  end  of  the  vertical  shaft  of  a  three-fourths  horse- 
power motor.  It  has  an  inside  diameter  oi  9%  inches  and  is 
capable  of  canying  10  pounds  of  sugar.  The  heavy  cover  is  held 
in  place  by  a  number  of  set  screws  A  A  and  may  be  readily 
detached  in  order  to  facilitate  the  removal  of  the  centrifuged 
material.  The  lining  to  be  satisfactory  must  retain  very  small 
crystals,  permit  of  free  drainage  of  the  mother  liquor,  and  be  able 
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to  stand  the  severe  strains  incidental  to  high  speeds.  No  single 
lining  is  available  that  will  meet  all  these  requirements.  The 
built-up  lining  used  conasted  of  two  layers,  the  outer  one  beii^  the 
regular  copper  centrifuge  lining  with  elongated  conical  holes, 


u 


Fig,  i.^Ctntnfttgt 

and  the  inner  of  200-mesh  brass  gauze.  Both  linings  are  silver 
plated.  The  small  space  between  the  lid  and  the  frame  is  closed 
by  stretching  a  rubber  band  tightly  around  the  whole  machine. 
When  the  centrifuge  is  in  operation  with  the  hinged  lid  C  closed. 
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the  contents  of  the  basket  as  well  as  the  mother  liquor  are  safe 
from  contamination  by  the  air  of  the  room.  The  speed  of  rotation 
of  the  basket  is  controlled  by  a  rheostat  in  series  with  the  motor. 
In  order  to  secure  a  proper  distribution  of  the  crystals  and  insure 
smooth  running  of  the  basket,  the  crystal  mass  is  introduced 
while  the  machine  is  stationary  or  running  at  very  low  speed. 
The  speed  is  gradually  increased  as  the  mother  liquor  runs  off. 
Any  desired  number  of  revolutions  per  minute  may  be  obtained 
up  to  3000.  After  a  thorough  draining  on  the  centrifuge  the 
crystals  are  washed  several  times  with  pure  redistilled  alcohol, 
and  finally  placed  to  dry  on  a  plate  of  glass  carefully  protected 
from  dust. 

With  but  little  variation  from  this  procedure  a  large  number  of 
samples  were  prepared  and  a  study  of  the  progress  of  the  purifica- 
tion was  made.  What  success  in  purification  we  attained,  the 
following  arguments  are  intended  to  show:  If  we  assume  that  a 
given  sample  of  sugar  is  contaminated  by  all  sorts  of  impurities, 
these  would  be  grouped  in  the  following  classes:  (a)  Soluble  inor- 
ganic salts;  (6)  organic  substances  which  reduce  alkaline  copper, 
such  as  invert  sugar;  (c)  organic  substances,  possibly  allied  to 
sucrose,  which  do  not  reduce  copper ;  and  (d)  moisture. 

3.  DBTBRMmATIOir  OF  ASH 

Inorganic  impurities  are  made  evident  by  a  determination  of 
the  ash.  Inasmuch  as  most  samples,  after  two  recrystallizations, 
showed  less  than  o.i  mg  of  ash  remaining  from  a  5  g  sample,  it 
was  concluded  that  inorganic  impurities  were  satisfactorily 
removed  by  this  method  of  recrystallization. 

4.  BLncmATION  OF  RBDUCmO  SUBSTANCES 

In  the  estimation  of  the  small  quantity  of  reducing  sugar 
remaining  after  recrystallization,  it  was  found  to  be  impossible  to 
make  use  of  any  of  the  published  empirical  tables,  since  these  are 
based  upon  an  assumed  purity  of  the  sucrose  used  in  computing 
the  tables,  whereas  the  degree  of  purity  of  the  sucrose  is  the  prob- 
lem to  be  solved.  A  few  experiments  served  to  show  that  the 
standard  methods,  in  which  are  employed  the  various  modifica- 
tions of  Fehling's  solution  with  its  large  quantity  of  free  caustic 
alkali,  gave  but  little  clue  to  the  amount  of  reducing  substances 

41410*»— 16 6 
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present.  As  an  example,  an  experiment  with  the  Soxhlet  solu- 
tion, according  to  the  method  of  Herzfeld,  jrielded  for  a  10  g 
sample  of  the  sucrose  approximately  37  mg  of  copper,  while  a 
**  sensitivity  "  experiment,  i.  e.,  an  experiment  in  which  a  definite 
known  quantity  of  invert  sugar  was  added  to  the  lo  g  sample  of 
recrystallized  sucrose,  showed  that  under  these  conditions  o.oi  per 
cent,  or  i  mg,  of  invert  sugar  caused  an  increase  of  precipitation 
of  2.5  mg  of  copper.  Therefore,  in  mterpreting  the  former 
analysis,  we  concluded  that  there  were  reducing  substances  present 

to  the  extent  of  o.oi  per  centX-^^»  or  0.15  per  cent,  in  terms  of 

2,5 

invert  sugar.    The  explanation  of  the  apparently  tmfavorable 

result  is  that  under  these  conditions  sucrose  is  itself  a  substance 

having  a  slight  reducing  action. 

Much  more  suitable  for  the  present  investigation,  because  of 

their  slighter  destructive  action  upon  sucrose,  are  the  solutions  in 

which  no  free  caustic  alkali  is  used,  but  in  which  the  latter  is 

replaced  by  alkaline  carbonates.    Such,  for  example,  are  the  Ost 

solution  and  a  large  number  of  others."    The  Ost  solution  caused 

a  precipitate  of   10  mg  of  Cu^O.    The  solution  proposed  by 

Striegler "  caused  a  precipitate  of  about  7  mg,  while  an  added 

impurity  of  i  mg  of  invert  sugar  caused  an  increased  precipitation 

of  3.2  mg  of  CuaO.    This  latter  solution,  because  of  its  relatively 

slight  destructive  action  upon  sucrose  and  its  high  sensibility 

toward  invert  sugar  in  minute  quantities,  was  deemed  suitable  for 

studying  the  progress  of  the  purification.     It  contains  in  a  liter 

150  g   KHCOs,    101.4  g  KjCOs,  and  6.928  g  of  CuSO^.sHjO. 

Although  particularly  advantageous  for  the  purpose  in  hand, 

this  solution  is  not  generally  serviceable  on  account  of  its  lack  of 

stability  on  long  standing.     For  an  analysis  50  cc  of  the  copper 

solution  was  brought  to  boiling  and  ebullition  continued  for  one 

minute,  then  a  10  g  sample  of  the  sugar  in  a  50  cc  solution  was 

added  and  boiled  for  five  minutes.     At  the  end  of  this  period  the 

reaction  was  stopped  by  the  addition  of  100  cc  of  cold,  recently 

boiled,  water.    The  precipitate  was  filtered  and  weighed  as  CujO. 

The  weighing  as  cuprous  oxide  is  justifiable  when  dealing  with 

pure  products.     With  this  solution  and  method  we  made  a  study 

u  y.  lippmann.  Die  Chonie  der  Zuckermrtcn,  I,  p.  606  (1904).  u  niid. 
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of  the  efficiency  of  the  recrystallization,  at  each  point  determining 
the  comparative  purity  of  the  sample  with  respect  to  that  of  the 
previous  crystallization.  A  supply  of  granulated  sugar  was  dis- 
solved, clarified,  boiled,  and  recrystallized  in  the  manner  de- 
scribed. The  original  sample  caused  a  precipitation  of  20  mg  of 
Cu^O;  the  recrystallized  sample  precipitated  but  9  mg.  A  second 
recrystallization  reduced  the  copper  precipitate  to  6.8  mg,  while  a 
third  recrystallization  failed  to  produce  any  further  decrease  in  the 
reducing  sugar.  This  precipitate  of  6.5  to  7.0  mg  proved  to  be  a 
minimum  quantity,  for  no  sample  which  we  prepared,  utilizing  all 
the  precautions  suggested  by  accumulated  experience,  produced  a 
further  diminution  in  reducing  power. 

A  sample  of  these  crystals  which  precipitated  6.8  mg  was  dis- 
solved and  boiled  in  the  vacuum  apparatus  in  the  usual  manner, 
and  at  the  end  of  the  boiling,  before  crystals  had  formed,  an 
analysis  was  made.  Since  6.9  mg  of  Cu^O  were  obtained,  it  was 
ascertained  that  no  increase  of  reducing  sugar  content  occurred 
during  the  solution  and  boiling.  After  crystallization  and  cen- 
trifuging,  the  crystals  caused  6.7  mg  of  CugO  to  precipitate,  and 
a  sample  of  the  mother  liquor  containing  10  g  of  sucrose  gave 
exactly  the  same  precipitate. 

From  these  experiments  the  conclusion  was  reached  that,  with 
respect  to  reducing  substances,  further  recrystallization  after  the 
second  could  effect  no  improvement.  Either  a  constant  quantity 
of  reducing  sugar  was  present,  distributing  itself  in  a  constant 
ratio  between  crystals  and  mother  liquor,  or  sucrose  itself  effected 
the  slight  reduction  of  copper. 

To  test  the  latter  point,  analyses  were  made  with  other  alkaline 
copper  solutions  in  which  the  concentration  of  hydroxyl  ion  was 
diminished.  The  most  satisfactory  results  were  obtained  with  a 
modification  of  the  Soldaini "  reagent.  The  solution  used  con- 
tained in  a  liter  slightly  less  thaa  300  g  of  KHCO,,  to  which  was 
added  i  g  of  copper  sulphate  crystals.  The  time  of  boiling  was 
shortened  to  two  minutes.  The  sample  of  sugar  was  dissolved  in 
a  50  cc  flask,  from  which  it  was  poured  into  the  copper  reagent 
and  the  flask  rinsed  with  10  cc  of  water.  The  precipitate  was 
finely  divided,  but  was  easily  collected  on  a  closely  packed  asbestos 

^  V.  I«ix>ptiuain,  Die  Chcmie  der  Zuckexarten,  I,  p.  606  (x904)* 
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mat,  or  better,  on  a  Gooch-Munroe-Nebauer  crucible.  An  average 
of  13  determinations  showed  that  a  highly  purified  sample  of 
sucrose  produced  a  precipitate  of  i.i  mg  of  CuaO.  An  average  of 
8  determinations,  in  which  o.oi  per  cent,  or  i  mg  of  invert  sugar, 
had  been  added,  showed  that  o.oi  per  cent  of  invert  sugar  caused 
an  excess  of  precipitation  of  1.9  mg.  Therefore,  from  these 
analyses,  it  was  concluded  that  the  purified  substance  contained 
reducing  substance  not  in  excess  of  1.1/1.9X0.01  per  cent,  or 
0.006  per  cent. 

It  seemed  possible  that  even  the  small  quantity  of  cuprous  oxide 
precipitated  under  these  conditions  might,  at  least  in  part,  be  due 
to  the  action  of  sucrose  itself.  Since  0.006  per  cent  of  invert  sugar 
would  be  an  optical  impurity  of  nearly  o.oi  per  cent,  it  was  deemed 
expedient  to  investigate  the  reactions  involved  in  the  analysis  for 
reducing  substances.  Acting  on  the  theory  that  there  are  two 
distinct  reactions  involved,  the  one  the  action  of  invert  sugar  or 
similar  substances  on  the  alkaline  copper  solution,  the  other  the 
action  of  sucrose  itself  on  the  copper  solution,  we  sought  to  ascer- 
tain if  the  two  reactions  had  different  velocities.  For  this  purpose, 
the  analysis  was  conducted  in  the  same  manner  as  before,  with 
the  single  exception  that  the  time  of  boiling  of  the  mixed  sample 
and  copper  solution  was  varied  by  whole  minute  periods  from  two 
to  six  minutes.  The  second  column  in  Table  2  represents  the 
weight  of  precipitate  obtained  with  the  purest  sample  ox  sucrose. 
The  third  column  represents  that  obtained  .with  the  sucrose  plus 
I  milligram  of  invert  sugar.  Bach  figure  in  the  table  represents 
the  mean  of  several  determinations. 

TABLE  2 
Showing  velocities  of  reaction  of  copper  solution  witii  sucrose  and  invert  su^ 
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Let  it  be  observed  that  the  action  of  sucrose  is  progressive  and 
practically  linear  with  the  time.  The  fourth  column,  obtained  by 
subtracting  coliunn  2  from  column  3,  represents  the  reaction  of 
the  invert  sugar  upon  the  copper  solution  and  it  is  at  once  seen 
that  a  distinct  difference  exists  between  the  reaction  of  invert 
sugar,  which  is  precipitated  completely  before  the  expiration  of 
two  minutes  boiling,  and  that  of  the  sample  in  question,  which 
shows  a  progressive  reaction.  We  must  tha-efore  conclude  that 
the  I.I  mg  of  Cu,0  is  caused  in  great  part  by  sucrose  itself. 


Via.  J.—Effict  i^dvTaUon  of  boiling  upon  weight  ofcuprout  oxidt 

If  the  velocity  curves  of  the  sucrose  and  of  the  sucrose  invert 
sugar  mixture  be  plotted  as  in  Fig.  3,  and  both  curves  be  produced 
to  cut  the  axis  at  zero  time,  we  find  that  the  sucrose  curve  cuts  it  at 
approximately  the  origin,  while  the  sucrose  plus  invert  sugar 
curve  intersects  it  at  the  point  representing  a  weight  of  Cu,0 
equivalent  to  the  invert  sugar  added.  This  construction  is  per- 
missible because  the  invert  sugar  reaction  is  complete  before  two 
minutes  have  elapsed  and  we  may  consider  it  for  the  purposes  of 
this  argument  as  instantaneous,  or  rather,  we  may  say  that  these 
experimental  results  would  be  the  same  if  it  were  instantaneous. 
If,  therefore,  any  reducing  substance  other  than  sucrose  itself  is 
present,  it  is  of  the  order  of  o.ooi  per  cent  and  entirely  negligible. 
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5.  STUDY  OF  CARAMEL  FORlfATION 

The  elimination  of  the  last  traces  of  moisture  from  the  sugar 
necessitated  a  thorough  knowledge  of  the  effect  of  a  high  tempera- 
ture on  dry  sucrose.  It  is  well  known  that  slightly  above  the 
melting  point  sugar  passes  rapidly  into  one  of  the  varieties  of 
caramel.  Even  far  below  the  melting  point  the  change  occurs 
slowly  and  even  at  100®  C  discoloration  can  be  observed  after 
several  hours.  By  means  of  the  reaction  of  caramel  with  the 
alkaline  copper  solution,  minute  changes  could  be  observed  quan- 
titatively. 

The  analysis  for  caramel  was  conducted  in  the  same  manner  as 
for  other  reducing  substances.  On  account  of  the  lack  of  precise 
knowledge  concerning  the  constitution  of  caramel  the  results  are 
expressed  in  terms  of  invert  sugar. 

In  conducting  an  experiment  a  sample  of  sugar  was  thoroughly 
mixed  and  divided  mto  two  portions.  One  portion  was  kept  in  a 
stoppered  container  at  the  laboratory  temperature,  the  other  was 
subjected  to  the  temperature  at  which  it  was  desired  to  measure 
the  rate  of  decomposition.  When  the  desired  time  had  elapsed 
two  10  g  portions  of  the  heated  sample  and  two  of  the  unheated 
sample  were  taken  and  all  four  analyzed  simultaneously.  At 
each  temperature  successive  tests  were  made  at  increasing  inter- 
vals of  time  in  order  to  observe  the  course  of  the  reaction.  For 
the  relatively  small  extent  of  the  decomposition  investigated,  the 
velocity  was  approximately  constant.  The  period  of  heating  was 
continued  tmtil  the  decomposition  was  sufficient  in  amount  to 
render  the  determination  of  velocity  sufficientiy  accurate. 

Table  3  gives  in  summary  the  results  of  these  experiments.  At 
each  temperature  is  given  the  length  of  time  necessary  to  effect  a 
decomposition  equivalent  to  o.oi  per  cent  of  invert  sugar.  This 
decomposition  depends  somewhat  upon  the  size  of  the  crystals 
and  these  data  apply  only  to  the  very  fine  particles  used  in  this 
investigation. 
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It  may  be  seen  that  the  caramelization  reaction  occurs  at  much 
lower  temperatures  than  is  commonly  supposed  and  it  is  unques- 
tionably one  of  the  factors  in  the  determination  of  moisture  in 
saccharine  products.  The  data  in  Table  3  are  shown  graphically 
in  Fig-  4- 

This  decomposition  varies  considerably  with  altered  conditions. 
The  same  crystals  at  the  same  temperature  but  in  a  vacuum 
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decompose  at  a  much  lower  velocity.  Furthermore,  an  increase 
in  the  size  of  the  crystals  exercises  a  considerable  influence  upon 
the  reaction.  Three  samples,  consisting  of  the  finely  pulverized 
crystals  of  our  own  preparation,  a  quantity  of  ordinary  granulated 
sugar,  and  a  number  of  crystals  of  Kahlbaimi's  rock  candy,  were 
heated  imtil  some  decomposition  had  occurred.  The  powdered 
sample  increased  its  reducing  power  by  5.4  mg  of  copper,  the 
granulated  sugar,  and  the  rock  candy  by  1.2  mg  and  1.3  mg, 
respectively.  In  aqueous  solution  the  caramel  reaction  is  much 
slower  than  is  the  case  with  dry  sugar." 

The  effect  upon  the  rotation  was  found  to  be  less  than  that  of 
an  equivalent  quantity  of  invert  sugar. 

This  investigation  was  not  intended  to  reveal  the  nature  of  the 
reaction.  That  it  was  the  same  in  kind  as  the  caramel  reaction 
of  the  higher  temperatures  would  seem  to  follow  from  the  fact 
that  the  cturve  is  continuous  up  to  100®,  at  which  temperature  the 
familiar  color  of  the  caramel  can  be  observed.  It  was  adequate 
for  the  present  pturposes  to  ascertain  what  period  of  heating  at 
any  given  temperatture  was  required  to  cause  an  appreciable 
decomposition. 

Another  interesting  feature  which  the  extrapolated  curve  shows 
is  that  at  temperatures  which  are  frequently  reached  in  the  labora- 
tory the  process  of  caramelization  continues.  It  is  only  below 
20®  C  that  it  is  safe  to  keep  sugar  of  high  piu-ity  for  very  long 
periods.  The  fact  that  caramelization  occurs  at  ordinary  tem- 
peratmres  was  first  observed  in.  a  very  excellent  sample  of  sugar 
which  had  been  furnished  by  the  Institut  ftir  Zucker-Industrie 
several  years  before  this  investigation  was  started.  Upon  testing 
this  sample  for  reducing  substances,  it  was  found  to  be  quite 
inferior,  but  the  high*  reducing  power  was  later  recognized  to  be 
due  to  caramel  formation.  The  low  polarization  of  this  material 
also  indicated  the  presence  of  impurity.  (See  experiment  No.  17, 
Table  4.)  This  same  phenomenon  has  been  observed  in  many  of 
our  own  piu-est  samples  of  sucrose.  For  our  own  purposes,  then, 
it  was  necessary  to  have  comparatively  fresh  samples  of  sugar. 

1*  Aulard,  Oii£.  Oooixn.  Vm  Int.  Cong.  Api>L  Cbcm.,  25»  p.  493  (1913). 
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6.  BLDONATIOir  OF  MOISTURE 


In  order  to  prepare  the  sugar  for  the  final  wdghmg  before  polari- 
zation it  was  necessary  to  eliminate  the  final  traces  of  moisture. 
The  period  of  time  at  each  temperature  during  which  it  was 
possible  to  heat  the  substance  without  causing  decomposition 
was  definitely  established  by  the  caramelization  experiments.  In 
these  operations  a  wide  margin  of  safety  was  adopted. 

For  a  preliminary  preparation  and  drying,  the  air-dried  crystals 
were  ground  in  an  agate  mortar,  the  pestle  of  which  was  equipped 
with  a  dust  shield.    In  some  cases  the  material  was  transferred 
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to  a  crystallizing  dish  and  placed  in  a  vacuum  desiccator  over 
quicklime.  In  other  instances  it  was  introduced  directly  into 
the  weighed  volumetric  flask  and  the  total  weight  observed. 
Flask  and  sugar  were  then  subjected  to  the  final  drying  operations 
and  the  diminution  of  weight  closely  followed.  It  was  evident 
from  early  experiments  either  that  the  residual  moisture  was 
present  only  in  very  small  quantities  or  that  it  was  held  with 
great  tenacity.  To  test  this  point  a  variety  of  experiments  were 
performed,  of  which  the  following  are  typical: 

(i)  The  flask  containing  the  sample  was  placed  in  a  large  glass 
tube  70  mm  in  diameter  fitted  with  a  large,  perfectly  matched 
elass  grinding  which  was  lubricated  with  a  rubber-vaseline  stop- 
cock grease.  The  drying  agent  was  placed  in  a  porcelain  boat. 
The  tube  was  then  connected  with  a  vacuum  pump  and  McLeod 
gauge  and  the  air  exhausted  until  a  residual  pressture  of  0.0 1  nun 
to  0.000 1  mm  of  mercury  was  reached.  The  drying  agent  con- 
sisted usually  of  a  quantity  of  calcium  chloride  or  calcium  oxide 
which  had  been  recently  ignited  in  an  electric  muffle  furnace. 
Calcium  oxide  was  used  for  drying  all  the  samples  used  in  the  final 
series  of  measurements.  Simultaneously  with  the  piunping,  the 
sample  was  heated  imif ormly  by  an  electric  oven  to  a  temperature 
of  50®  to  70®  C.  The  latter  temperature  was  never  maintained 
for  a  period  greater  than  two  hours.  The  results  of  these  experi- 
ments were  invariably  the  same.  The  air-dried  and  pulverized 
sample  lost  in  weight  about  0.0 1  or  0.02  per  cent  at  the  first 
drying  operation,  provided  the  conditions  favorable  to  elimina- 
tion of  moisture  were  sufficiently  thorough.  For  this  prelimi- 
nary drying  the  sample  was  usually  exposed  to  the  drying  agent 
for  24  hours  or  more  at  a  pressure  of  0.0 1  mm  or  less  and  a  tem- 
perature of  50^  C.  Nevertheless,  the  rule  followed  in  every  case 
was  to  repeat  the  operation  with  more  thorough  procedure  until 
a  constant  weight  was  obtained.  This  second  operation  was 
carried  out  at  a  higher  temperature  (with  care  to  avoid  caramel 
formation)  or  for  an  increased  length  of  time  or  at  higher  vacuum. 
The  air  admitted  to  break  the  vacuum  was  passed  through  a  dry- 
ing train,  consisting  of  H2SO4,  PjOj,  and  CaO.  The  connection 
to  the  drying  train  was  made  by  breaking  the  tip  of  the  capillary 
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of  the  drying  tube  inside  a  short  piece  of  clean  rubber  pressure 
tubing.  The  results  of  this  second  operation  were  uniformly  the 
same.  In  no  case  was  a  loss  of  weight  greater  than  one-half  milli- 
gram or  0.002  per  cent  found,  and  in  the  great  majority  of  instances 
identical  weighings  were  obtained  after  the  first  and  second  drying 
operations. 

This  experiment  was  carried  out  repeatedly  during  the  prelimi- 
nary series  of  measurements.  In  two  instances  phosphorous  pen- 
toxide  was  used  as  a  drying  agent,  but  it  produced  no  further 
desiccation  than  freshly  ignited  calcium  oxide. 

In  order  to  be  certain  that  the  small  diameter  of  the  neck  of  the 
volumetric  flask  did  not  act  as  a  deterrent  to  the  passage  of  water 
vapor  at  the  high  vacuum,  the  same  experiment  was  tried  with 
the  sugar  contained  in  a  shallow  porcelain  boat.  The  boat  was 
pushed  into  a  weighing  bottle  and  stoppered  before  removing 
from  the  dry  air  of  the  tube.  The  results  of  this  experiment  were 
similar  to  the  others. 

(2)  A  sample  which  had  been  subjected  to  the  usttal  preliminary 
drying  in  a  porcelain  boat  was  further  treated  by  exposure  to  a 
stream  of  air  dried  by  successively  passing  H,S04,  PjOj,  and  CaO. 
In  the  meantime  it  was  subjected  to  a  temperature  of  70®  for  two 
hours,  and  80^  for  one-half  hour.  A  weighing  bottle  was  also 
placed  in  the  tube  in  such  a  way  that  the  boat  could  be  pushed 
into  it  and  the  stopper  inserted  while  in  contact  with  dry  air. 
This  experiment  produced  no  further  desiccation  beyond  the 
simple  exposure  to  high  vacutun  and  quicklime. 

(3)  A  sample  which  had  been  introduced  into  a  long,  narrow 
volumetric  flask  and  dried  for  48  hotirs  over  lune  was  weighed 
and  placed  in  a  glass  tube,  together  with  freshly  ignited  quick- 
lime. The  tube  was  drawn  down  and  sealed  to  the  glass  parts 
of  the  mercury  pump.  A  portion  of  the  connecting  tubing 
dipped  into  carbonic  acid  snow  during  the  evacuation.  When 
a  vacuum  of  o.oooi  mm  was  registered  by  the  McLeod  gauge  the 
tube  was  sealed  off.  This  was  allowed  to  stand  for  a  period  of 
five  months  dming  an  interruption  of  the  work.  Dry  air  was 
then  admitted  by  breakmg  the  tip  of  the  capillary,  while  inside  a 
piece  of  clean  rubber  tubing  connected  with  the  drying  train.    The 
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stopper  was  inserted  while  in  the  dry  air  by  the  action  of  a  mag- 
netic field  on  a  small  iron  rod,  which  was  sealed  in  a  glass  frame 
and  which  in  turn  held  the  stopper  centered. 

This  long  period  of  drying  produced  no  further  desiccation. 
The  polarization  of  the  sugar  is  recorded  in  experiment  25  of  the 
final  series. 

(4)  Finally  a  sample,  which  had  been  placed  in  a  long,  narrow 
flask  and  dried  to  a  constant  weight,  was  inserted  in  a  glass  tube, 
together  with  fresh  quicklime,  and  the  tube  drawn  down  and 
sealed  to  the  glass  portions  of  a  Gaede  rotary  mercury  ptmip. 
A  portion  of  the  connecting  tube  dipped  into  liquid  air  to 
remove  the  mercury  vapor.  The  sample  of  sugar  was  heated  to 
50^  C,  and  was  subjected  to  the  highest  vacuum  which  the  Gaede 
pump  would  produce.  This,  as  indicated  on  the  McLeod  gauge, 
was  better  than  o.oooi  mm,  and  probably  represented  the  abso- 
lute pressure,  since  mercury  vapor  was  now  absent  from  the  tube 
containing  the  sugar.  After  some  hours  the  tube  was  sealed  off 
and  allowed  to  remain  over  night.  The  sample  suffered  no  loss  of 
weight. 

Water  may  be  present  in  a  sample,  either  as  surface  moistiu-e 
existing  as  a  film  or  as  included  mother  liquor.  In  the  first  case 
the  quantity  would  depend  on  the  fineness  of  the  crystals.  It 
would  be,  moreover,  the  only  moisttu'e  removed  by  the  drying  agent. 
The  included  moisture  could  hardly  be  expected  to  rupture  the 
crystal  and  escape.  The  method  of  crystallization  in  motion  and 
the  fineness  of  the  crystals  would  almost  preclude  the  possibility  of 
any  considerable  amount  of  included  mother  liquor.  The  following 
experiment  corroborates  this  conclusion.  A  sample  was  selected 
in  which  for  some  reason  the  crystals  had  developed  to  consider- 
able size — as  large  as  a  fine  sample  of  granulated  sugar.  This  was 
dried  without  pulverizing,  and  its  polarization  determined.  An- 
other portion  of  the  same  sample  was  then  pulverized  extremely 
fine,  dried,  and  polarized.  These  two  samples  yielded  nearly 
identical  polarizations.  (See  experiments  Nos.  20  and  22.)  We 
concluded,  therefore,  that  even  when  the  crystals  were  large 
enough  to  be  visible  no  considerable  quantity  of  solution  was 
included.  Much  less,  then,  is  the  probability  when  the  crystals 
are  extremely  fine  and  are  fiuther  reduced  by  grinding.    This 
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conclusion  would  be  invalidated  if  the  liberated  mother  liquor 
were  exactly  compensated  by  increased  surface  moisture.  This 
latter  possibility,  in  view  of  our  various  drying  experiments,  seems 
remote. 

The  accimiulated  evidence  of  all  desiccation  experiments  led  us 
to  the  conclusion  that  the  very  simple  expedient  of  drying  sugar 
by  means  of  a  vacutim  of  one-thousandth  of  a  millimeter  of  Hg 
over  freshly  ignited  quicklime  leaves  residual  moisture  in  amotmt 
small  enough  to  be  negligible.  To  corroborate  this  conclusion  it 
remained  to  apply  direct  tests  for  the  presence  of  moisture.  Two 
sensitive  tests  were  applied. 

E.  C.  McKelvy,  of  this  Bureau,  has  used  the  critical  solution 
temperature  ^'  of  an  alcohol-oil  mixture  as  a  criterion  for  the 
absence  of  moisture,  and  has  shown  that  the  same  method  is 
applicable  to  the  detection  of  moisture  in  a  third  substance.^* 
The  presence  of  i  per  cent  of  water  in  alcohol  causes  a  rise  in  the 
critical  solution  temperature  of  16  whole  degrees.  Since  a  change 
of  a  few  himdredths  of  a  degree  can  be  detected,  the  method 
offers  a  means  of  identifying  a  small  quantity  of  water  in  a  sample 
of  alcohol.  In  order  to  test  a  third  substance  for  moisture,  it  is 
necessary  to  digest  it  with  a  sample  of  dry  alcohol,  whose  critical 
solution  temperature  with  a  given  oil  has  been  already  determined 
in  blank,  and  then  to  apply  the  test  to  the  alcohol  after  the  diges- 
tion. This  test  involves  the  asstmiption  that  any  moisture  on 
the  third  substance  distributes  itself  between  the  dry  alcohol  and 
the  substance.  From  the  digestion  flask  the  alcohol  is  distilled 
and  subjected  to  the  solution  temperature  test.  Since  ethyl-alco- 
hol water  mixtures  show  a  minimtmi  boiling  point  at  96  per  cent 
by  weight  of  alcohol,^*  the  first  portions  of  the  distillate  will  be 
richer  in  water  than  the  remaining  portions  if  the  amotmt  of  mois- 
ture in  question  is  small.  The  latter  should  then  take  more  mois- 
ture from  the  substance  to  keep  the  same  distribution  ratio. 
Consequently  a  great  portion  of  the  moisture  should  appear  in  the 
alcohol  distillate.  A  comparison  of  the  critical  solution  tempera- 
ttu'e  of  the  distillate  with  the  original  alcohol  should  show  at  least 
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qualitatively  the  presence  of  moisture.  This  experiment  was 
very  carefully  carried  out  on  a  sample  of  dried  sugar  by  Mr, 
McKelvy  and  practically  negative  results  obtained.  It  is  a  pleas- 
ure to  thank  Mr.  McKelvy  for  this  work. 

E.  R.  Weaver,  of  this  Bureau,  has  described  *®  a  test  for  a 
minute  quantity  of  moisture.  This  test  consists  of  the  generation 
of  acetylene  by  a  reaction  of  the  moisture  with  calcium  carbide. 
The  acetylene  is  allowed  to  react  with  an  ammoniacal  solution  of 
cuprous  chloride  to  form  copper  carbide. 

The  sample  of  sugar  dried  in  the  usual  way  was  placed  in  a 
glass  apparatus  consisting  essentially  of  three  parallel  test  tubes 
sealed  in  a  triangle  at  their  tops.  A  quantity  of  dry  ether  was 
poured  on  the  sugar  and  after  a  few  minutes  digestion  was  dis- 
tilled into  the  second  test  tube  which  contained  calcium  carbide. 
It  was  then  distilled  into  the  third  tube  whence  it  was  poured 
directly  into  the  cuprous  chloride  solution.  The  results  were 
entirely  negative.  To  another  portion  of  sugar  the  dry  ether 
was  added  and  fragments  of  carbide  were  placed  directly  in  con- 
tact with  the  sugar.  After  some  shaking  the  ether  was  distilled 
and  potu'ed  into  the  cuprous  chloride  solution.  Again  the  results 
were  negative.  About  lo  g  of  sugar  were  used  in  the  latter 
experiment.  The  method  is  capable  of  detecting  o.i  mg  of 
moisture.  One  milligram  of  water  gives  a  very  deep  color.  The 
quantity  of  moisture  on  'the  sugar  must  then  have  been  of  the 
order  of  one-thousandth  of  i  per  cent.  We  are  glad  to  express 
our  indebtedness  to  Mr.  Weaver  for  this  experiment. 

7.  PURIFICATION  BY  PREdPriATION  WTIH  ALCOHOL 

The  dilute  solution  was  prepared  in  the  manner  described 
above.  It  was  filtered  and  boiled  in  the  vacuum  apparatus 
until  the  desired  concentration  was  reached.  This  concentration 
was  usually  about  70  per  cent  with  occasional  variations  above 
and  below  depending  upon  the  alcohol  used  for  the  precipitation. 
An  equal  volume  of  alcohol  was  added  and  the  whole  rotated  in 
the  crystallizer  over  night  or  imtil  crystallization  was  complete. 
This  procedure  has  the  advantage  of  permitting  very  complete 
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clarification  and  filtration  while  in  dilute  solution  and  of  avoiding 
the  hot  saturated  solution  which  is  difficult  to  filter  and  dangerous 
to  the  sucrose. 

8.  FRACTIONAL  CRYSTALLIZATION 

The  method  of  purification  by  crystallization  from  aqueous 
solution  permits  the  utilization  of  the  mother  liquor.  In  many 
instances  this  was  simply  boiled  down  in  a  vacuum  and  another 
lot  of  crystals  obtained.  The  opportunity  that  this  method 
affords  for  a  fractional  crystallization  for  the  elimination  of 
impurities  of  class  c  (see  p.  79)  is  of  great  importance  in  the 
present  investigation. 

About  18  kg  of  granulated  sugar  (designated  fraction  i)  was 
recrystallized  in  the  manner  previously  described.  The  new 
crystals  (fraction  3)  were  recrystallized.  The  twice-crystallized 
portion  was  called  fraction  6  and  its  mother  liquor  fraction  5. 
The  first  mother  liquor  (fraction  2)  was  reboiled  and  recrystal- 
lized. The  crystals  being  the  lesser  soluble  portion  of  the  more 
soluble  part  of  the  original  substance  were  presumably  of  similar 
composition  to  fraction  5,  since  the  latter  was  the  more  soluble 
portion  of  the  less  soluble  part  of  the  original  substance.  These 
crystals  were  consequently  combined  with  fraction  5  and  the 
whole  recrystallized.  The  new  crystals  formed  a  portion  of  frac- 
tion 9  and  the  new  mother  liquor  became  a  portion  of  fraction  8. 
The  fractionation  is  illustrated  in  Fig.  5.  Each  number  repre- 
sents a  fraction.  Those  inside  the  diagram  indicate  a  combina- 
tion of  the  previously  obtained  crystals  and  mother  liquor.  The 
unnumbered  ends  of  lines  extending  from  the  left  of  the  figure  indi- 
cate that  the  respective  mother  liquors  were  rejected.  Impurities 
of  lesser  solubility  than  sucrose  tend  to  concentrate  at  the  right 
side  of  the  diagram,  those  of  greater  solubility  at  the  left  side. 
Unfortimately,  owing  to  interruptions  in  the  work,  several  frac- 
tions were  allowed  to  remain  in  solution  for  long  periods  of  time 
and  consequently  stiffered  some  inversion.  When  the  work  was 
resumed,  the  crystallization  was  continued  imtil  the  invert  sugar 
was  in  the  extreme  fraction.  It  was  found  necessary  to  reject 
several  fractions  which  otherwise  could  have  been  utilized  for 
test.     Nevertheless,  the  careful  measurements  of  fractions  30-b, 
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31-b,  32-a,  27,  and  21  indicate  that  the  impurities  in  the  original 
sample  appear  only  in  the  mother  liquors.  Among  these  impuri- 
ties must  have  been  any  raffinose  which  may  have  been  present. 
The  fact  that  this  substance  is  present  to  such  an  extent  in  beet 
molasses  would  make  it  seem  probable  that  recrystallization  from 
water  would  remove  it.     If  it  had  still  persisted  in  the  crystals, 
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Fio.  5. — Diagrammatic  representation  of  fractional  crystallization 

it  should  have  concentrated  itself  in  some  fraction  after  so  many 
fractionations.  The  essential  identity  of  the  various  fractions 
tested  indicates  the  absence  of  this  and  similar  substances  from 
the  recrystallized  sucrose. 

Fractions  30,  31,  and  32  required  one  or  two  recrystallizations 
to  remove  small  quantities  of  invert  sugar. 
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9.  PRBUMm ART  POLARIZATION  OF  PURIFIED  SAMPLES 

The  measurements  recorded  in  the  preliminary  series,  Table  4, 
were  all  made  with  samples  of  sugar  which  had  imdergone  at  least 
two  recrystallizations.  Experiments  7  to  13  were  made  with 
various  samples  prepared  from  the  refined  sugar  of  commence. 
Many  of  the  samples  were  obtained  by  recrystallization  of  the 
mother  liquors.  In  experiments  14  and  15*  the  samples  were 
precipitated  by  alcohol.  In  No.  16  the  sugar  was  prepared 
from  Btu-opean  raw-beet  sugar  which  in  the  crude  state  polarized 
about  95^  S.  This  was  purged  with  water,  clarified  with  altmiina 
cream,  and  several  times  recrystallized.  In  experiment  17  the 
sugar  supplied  by  the  Institut  tihx  Zucker-Industrie  was  used. 
It  has  been  shown  on  page  86  that  this  contained  a  considerable 
quantity  of  reducing  substance  and  consequently  its  rotation 
was  not  included  in  calculating  the  average.  Experiments  19 
and  21  were  made  upon  fraction  No.  15  of  the  fractionally  crystal- 
lized sugar  described  on  page  93.  Experiment  22  was  a  measture- 
ment  of  fraction  No.  20.  Experiments  20  and  22  were  made 
upon  fraction  21  and  experiment  24  upon  fraction  27.  In  experi- 
ment 35  the  final  purification  of  the  sample  consisted  of  a  precipi- 
tation with  purified  methyl  alcohol.  This  reagent  was  used 
because  of  its  well-known  solvent  effect  upon  raffinose  and  because 
it  offered  a  ftulher  variation  of  procedure.  The  result  was  not 
included  in  the  final  series  because  the  polariscopic  readings  were 
taken  by  only  one  observer. 

The  preliminary  measurements  were  continued  until  the  pro- 
cedure was  entirely  satisfactory.  In  each  experiment  the  zero 
points  and  rotation  values  were  observed  and  the  averaged 
rotation  corrected  for  concentration  by  the  method  described  on 
page  115.  The  scale  correction  is  obtained  from  Table  8.  The 
Julius  Peters  instrument  was  not  used  in  the  preliminary  series. 
It  will  be  observed  that  the  value  99?9o  S  for  the  reading  of  the 
normal  solution  on  the  Herzfeld-Schonrock  scale  serves  to  cor. 
roborate  the  value  obtained  in  the  final  series. 

A  paper  describing  the  preliminary  series  of  measurements  in 
substantially  the  form  here  presented  was  read  before  the  Eighth 
International  Congress  of  Applied  Chemistry  ^*  at  New  York  in 
191 2.  It  resulted  in  the  appointment  of  a  subcommittee  to 
report  upon  the  advisability  of  adopting  the  new  standard. 

m  orig.  Camm.  Bigfath  Int.  Oonf .  AppL  Chcm.  Sft,  p.  5x7  (x9xa). 
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10.  DESCRIPTION  Ain>  DESIGNATION  OF  SAMPLES  USED  IN  FINAL 

SERIES 

It  is  of  importance  to  ascertain  whether  the  alcohol  used  could 
have  a  harmful  effect  upon  the  sucrose.  Such  an  effect  could 
conceivably  occur  by  actual  combination  of  alcohol  with  sucrose 
to  form  an  unknown  substance  which  could  have  a  very  different 
rotary  power  from  sucrose.  Although  in  the  absence  of  a  catalyzer 
this  possibility  was  remote,  yet  it  seemed  advisable  to  investigate 
the  question.  In  the  method  which  has  been  our  main  reliance, 
alcohol  was  used  only  in  the  final  washing  of  the  crystals.  In 
the  method  prescribed  by  the  international  committee  on  uni- 
form sugar  analysis  the  sugar  is  precipitated  in  hot  solution  by 
alcohol.  Samples  A  and  B  were  pr^ared  by  methods  offering 
the  greatest  possible  contrast  as  far  as  the  use  of  alcohol  is  con- 
cerned. To  prepare  sample  A  a  quantity  of  sugar  collected  from 
miscellaneous  samples,  which  had  been  previously  twice  recrystal- 
lized  was  recrystallized  from  aqueous  solution  in  the  usual  manner 
and  washed  with  pure  water  while  on  the  centrifuge.  No  alcohol 
was  allowed  to  come  in  contact  with  the  sugar  during  its  final 
preparation.  During  the  air-drying  the  substance  was  frequently 
stirred  to  prevent  the  formation  of  cakes.  A  test  with  the  copper 
solution  showed  the  absence  of  reducing  substances. 

For  the  preparation  of  sample  B  the  mother  liquor  from  sample 
A  was  warmed  with  more  pure  sugar  to  form  a  sirup  of  about  70 
per  cent  concentration.  To  this  sirup  an  equal  voltune  of  pure 
alcohol  was  added  and  the  mixture  kept  at  a  temperature  of 
50®  C  to  70°  C  for  about  48  hours.  The  whole  was  then  allowed 
to  cool  and  crystallize  while  in  continuous  motion.  The  crystals 
were  centrifuged  and  washed  with  alcohol.  It  was  desired  by 
this  experiment  in  contrast  to  sample  A  to  exaggerate  any  effect 
that  might  be  due  to  the  presence  of  alcohol.  A  preliminary 
measurement,  experiment  18,  showed  that  the  sample  possessed 
the  same  rotary  power  as  the  other  material,  and  it  was  conse- 
quently used  in  the  final  series. 

Sample  C  was  prepared  by  recrystallization  of  the  unused  por- 
tion of  sample  A.    The  new  crystals  were  washed  with  alcohol. 

The  remaining  samples  used  in  the  final  series  were  taken  from 
the  fractionated  sugar,  the  preparation  of  which  was  described  on 
page  93. 
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m.  APPARATUS  AmD  MANIPULATION 
1.  THE  VOLUMETRIC  FLASKS 

A  number  of  volumetric  flasks,  Fig.  6,  were  made  for  the  pur- 
poses of  this  investigation  from  Jena  normal  i6^  glass.  In  the 
construction  of  these  flasks  no  attempt  was  made  to  adjust  them 
to  exactly  loo  cc,  but  rather  attention  was  paid  to  placing  the 
graduation  mark  at  the  most  advantageous  position  on  the  neck. 
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FlG.  6. — Volumetric  fltuk,  polariscope  tube,  and  glass  connection  used  in  conveying 

solution  to  tube 

The  diameter  of  the  neck  at  the  graduated  portion  was  from  5  to 
7  mm.  Above  the  graduation  the  neck  was  blown  out  into  a 
bulb  of  about  30-cc  content  and  at  the  upper  end  was  fitted  with 
a  grinding.  In  two  inst£&ices  the  necks  were  provided  with  a 
series  of  10  graduations  0.02  cc  apart.  With  suitable  precautions 
the  volume  could  be  estimated  to  the  tenth  part  of  one  of  these 
divisions. 

The  flasks  were  calibrated  by  filling  at  2o?oo  C  with  distilled 
water  which  was  freed  from  dissolved  air  by  boiling  in  a  vacuum. 
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Before  the  final  adjustment  the  neck  of  the  flask  above  the 
meniscus  was  dried  by  a  stream  of  filtered  air.  The  temperature 
was  adjusted  by  immersing  the  flasks  in  the  water  of  a  thermostat 
which  remained  constant  within  o?oi .  The  conditions  for  adjust- 
ing the  volume  of  the  water  in  the  volumetric  flasks  were  so  favor- 
able that  it  was  found  possible  to  reproduce  the  weight  of  con- 
tained water  to  0.002  g. 

2.  DETERMINATION  OF  THE  CONCENTRATION  OF  SOLUTIONS 

In  the  determination  of  the  concentration  of  the  solutions  for 
polarization  two  methods  were  used,  both  of  which  in  many  in- 
stances were  applied  to  the  same  solution  in  order  to  obtain  cor- 
roborative values. 

The  first  method  consisted  of  weighing  the  sugar  in  the  flask 
and  making  the  solution  up  to  the  graduation  mark  after  tiie 
temperature  had  been  adjusted.  If,  as  in  the  two  above-men- 
tioned instances,  the  flask  possessed  a  series  of  graduation  marks, 
instead  of  a  single  one,  the  volume  of  solution  was  carefully  read 
off  to  the  tenth  of  one  division.  In  making  up  sugar  solutions  the 
same  procedtu-e  was  followed  as  for  the  calibration  of  the  flasks. 

The  second  method  of  determining  the  concentration  consisted 
of  computing  the  percentage  concentration  and  calculating  the 
volume  by  dividing  the  total  weight  of  solution  in  vacuo  by  the 
density  of  solution,  the  latter  being  obtained  by  reference  to  the 
density  tables  of  the  KaiserUche  Normal-Eichungs-Kommission.*' 

These  two  methods  of  determining  the  volume  of  solution  checked 
in  every  instance  but  two  to  0.005  cc  or  better.  When  the  two 
methods  were  used  the  mean  of  the  two  determinations  was 
taken  as  the  volume  of  the  solution. 

It  was  observed  that  the  more  favorable  the  conditions  were 
for  making  the  solutions  to  volume,  the  more  closely  the  volumetric 
and  gravimetric  methods  agreed.  The  conditions  which  were 
subject  to  variation  were  temperature  and  condition  of  the 
meniscus.  This  agreement  led  us  to  place  increasing  confidence 
in  the  density  tables,  and  in  many  instances  the  solutions  were 
made  up  by  the  gravimetric  method  alone. 

■  Plato,  Wiss.  Abh.  der  Eois.  Normal'Bicfaungs-Kooiinissuxi,  2,  p.  153  (zgoo).    Circular  Bur.  Staadardt, 
19,  p.  a6  (1914) 
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In  determining  the  correction  for  buoyancy  of  air  for  the 
preliminary  series  the  value  of  the  average  density  0.0012  was 
assumed.  For  the  final  series  the  air  density  was  determined 
from  the  temperature  and  barometer  readings.  The  widest 
probable  variations  from  0.0012  would  have  affected  the  weight 
of  the  sugar  or  solution  by  a  negligible  quantity.  For  the  density 
of  dried  pulverized  sugar  the  value  i  .59  was  used.  This  is  approx- 
imately the  mean  of  the  determinations  of  a  large  number  of 
observers  as  well  as  the  rounded-oflf  figure  given  by  Plato  ^  and 
his  coworkers. 

3.  PREPARATION  FOR  POLARIZATION 

To  perform  a  polarization  a  quantity  of  sugar,  approximately 
26  g,  was  transferred  to  a  weighed  flask  and  the  flask  again  weighed 
after  standing  in  the  balance  case.  Sugar  and  flask  were  then 
subjected  to  the  various  drying  operations  previously  described 
until  assurance  was  had  that  a  constant  weight  had  been  attained. 
Water  was  then  added,  the  sugar  dissolved,  and  the  neck  of  the 
flask  carefully  washed  down.  The  flask  was  nearly  filled  and  the 
resulting  solution  boiled  in  a  vacuum  until  the  evolution  of  dis- 
solved air  ceased.  Loss  by  spattering  was  carefully  avoided. 
The  flask  and  solution  were  then  placed  in  the  thermostat  and, 
when  a  temperature  of  20®  had  been  attained,  were  adjusted  to 
volume.  Before  weighing,  the  temperature  of  the  solution  was 
changed  to  approximately  that  of  the  balance  case.  The  flask 
was  wiped  with  a  slightly  damp  cloth  and  allowed  to  remain  an 
hour  before  its  weight  was  recorded. 

The  solution  was  then  carefully  mixed  by  continually  spilling 
into  the  portion  of  the  neck  enlarged  for  that  purpose,  and  finally 
poured  into  the  polariscope  tubes.  This  process  was  carried  out 
by  means  of  a  gla^  tube.  Fig.  6,  with  grindings  at  both  ends, 
one  of  which  fitted  the  volumetric  flasks  and  the  other  the  grind- 
ings of  the  polariscope  tubes.  In  this  way  the  transfer  to  the 
tubes  was  accompUshed  without  evaporation  and  consequent 
concentration  of  the  solution.  The  grinding  of  the  polariscope 
tube  was  then  tightly  stoppered  with  a  glass  stopper  or  with  a 
thermometer. 

n  T.  Uppmann,  Die  Chcmie  der  Zuckerarten.  II,  p.  X067  (X904). 
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4.  WEIGHTS  AND  THERMOMETERS 

The  weights  used  were  tested  by  the  division  of  weights  and 
measures  of  this  Bureau  by  comparison  with  the  oflficial  standards. 
All  weighings  were  made  by  the  method  of  substitution,  a  flask 
of  similar  size  and  shape  serving  for  a  counterpoise. 

The  thermometers  were  tested  by  the  division  of  thermometry 
of  this  Bureau. 

5.  POLARISCOPES  AND  THERMOSTATS 

(o)  The  Polarimeter. — One  instrument  for  absolute  rotation 
and  three  saccharimeters  were  used.  The  former  is  a  special 
polariscope  built  to  order  for  the  Bureau  of  Standards  by  Franz 
Schmidt  &  Haensch.  It  is  capable  of  a  wide  range  of  adjustment. 
The  massive  base  rests  on  a  three-point  support  and  is  accurately 
machined  to  permit  of  varying  the  distance  between  the  polariz- 
ing and  analyzing  systems.  The  nicol  prisms  are  of  superior 
quality.  The  large  nicol  of  the  Lippich  half-shade  polarizing 
system  is  of  the  Glan-Thompson  type  and  has  an  available  opening 
of  14  mm.  The  perfection  of  the  prisms,  combined  with  the  large 
apertures,  make  possible  a  high  degree  of  sensitivity  even  with  a 
200  mm  tube  of  solution  in  the  instrument.  The  circular  silver 
scale  of  the  analyzing  system  is  graduated'  directly  to  tenths  of  a 
circular  degree  and  by  means  of  observing  microscopes  reads 
directly  to  o?ooi.  The  microscopes  are  180®  apart,  thereby 
correcting  for  any  eccentricity  of  the  circle. 

An  air  bath  with  dimensions  of  60  cm  by  40  cm  by  55  cm  was 
placed  between  the  polarizing  and  analyzing  systems  and  mounted 
on  separate  supports  to  eliminate  the  possibility  of  disturbing 
the  adjustments  of  the  polariscope  by  opening  and  closing  the 
door.  The  trough  of  the  instrument  passed  through  the  end 
walls  of  the  thermostat  without  touching  them.  There  was  thus 
a  complete  separation  of  thermostat  and  polariscope. 

The  thermostat  was  cooled  below  20^  C  by  ice  water  circulating 
through  a  copper  coil  and  then  heated  to  20°  C.  The  heating 
was  accomplished  by  a  wire  coil  wound  on  a  separate  frame 
with  the  same  dimensions  as  the  inside  of  the  bath.  The  direction 
of  the  windings  was  such  that  any  magnetic  field  produced  was 
at  right  angles  to  the  path  of  the  light.    Careful  tests  failed  to 
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show  the  slightest  magnetic  rotation  of  the  plane  of  polarization. 
The  heating  current  was  regulated  by  means  of  a  toluene  coil, 
a  relay  and  a  mercury  contact  interrupter.  The  temperature 
was  controlled  more  closely  than  o?05  C. 

(6)  The  Largb  Thermostat. — ^The  saccharimeter  readings 
were  made  in  a  large  thermostat  with  a  content  of  about  1 5  cubic 
meters.  The  temperature  regulation  was  very  similar  in  principle 
to  that  already  described  above  in  connection  with  the  polarimeter 
for  absolute  measurements.  The  air  was  chilled  below  20^  C  by 
a  brine  coil.  In  order  to  obtain  effective  regulation  at  20^  C  a 
thermostatic  heater  of  800  watts  capacity  was  required.  The 
capacity  and  regulation  left  little  to  be  desired.  With  two  observ- 
ers in  the  thermostat  the  maxtmum  variations  were  about  o?3  C. 

(c)  The  Saccharimeters. — ^Three  different  makes  of  saccha- 
rimeters  were  used  in  order  to  eliminate  the  possibility  of  some 
peculiarity  of  the  instrument  construction  affecting  the  meastu-e- 
ments.  They  were  a  Bates  type  Fric,  a  Schmidt  &  Haensch, 
and  a  Julius  Peters.  Two  instruments  were  used  in  each  experi- 
ment, one  of  which  was  always  the  Bates  type  Fric. 

The  Bates  tjrpe  has  been  fully  described  **  by  one  of  us.  It  is 
sufficient  for  our  purpose  to  note  that  the  instrument  used  was  a 
200  mm  double  quartz-wedge  compensating  saccharimeter  with 
transparent  glass  scales  which  could  be  read  directly  to  o?oi  S. 
It  was  equipped  with  a  thermometer  graduated  in  fifths  of  a  degree, 
which  gave  the  temperature  of  the  wedges.  The  optical  system 
is  shown  diagrammatically  in  Fig.  7.  This  saccharimeter  was 
inclosed  in  a  wooden  thermostat  instdated  with  asbestos.  The 
method  of  automatic  temperature  control  was  similar  to  that 
used  on  the  thermostat  described  above  in  connection  with  the 
large  polarimeter  for  absolute  measurements.  The  maximum 
temperattu-e  variations  were  generally  a  few  hundredths  of  a 
degree.  In  order  to  maniptdate  the  quartz  wedges  the  milled 
head  was  removed  from  the  horizontal  rod  which  shifted  the 
wedges  and  replaced  by  a  long  shaft  which  passed  through  the 
wall  of  the  thermostat.  The  outside  end  of  the  shaft  was  fitted 
with  a  lever,  about  10  cm  long,  in  order  to  secure  the  slow  move- 
ment of  the  wedges  necessary  to  utilize  the  high  sensibility  of 
the  instrument. 


**  Bates,  BuU.  Bur.  Standards.  4.  p.  461  (1908). 
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The  Schmidt  &  Haensch  saccharimeter  was  a  modem  instru- 
ment and  an  excellent  example  of  the  work  of  that  firm.  It 
had  a  double  quartz-wedge  compensation  and  a  small  but  sensitive 
half-shadow  field.  The  half-shadow  angle  of  the  Lippich  polar- 
izing system  was  about  6®.  This  saccharimeter  accommodated 
tubes  up  to  600  mm  in  length.  As  it  was  not  equipped  with  a 
thermometer  giving  the  temperature  of  the  wedges  a  hole  was 
made  in  the  metal  case  containing  the  analyzing  system  and  a 
thermometer  inserted  with  the  bulb  in  proximity  to  the  wedges. 
The  arrangement  of  the  optical  system  is  shown  in  Fig.  8.  The 
nickelin  scales,  being  illuminated  by  reflected  light,  had  a  broad 
black  line  between  verniers  and  scales.  This  fact,  together 
with  the  width  and  irregular  edges  of  the  rulings,  made  it  impossi- 
ble to  read  the  scales  with  an  accuracy  corresponding  to  that  with 
which  the  settings  could  be  made.  The  difl&culty  was  overcome 
by  resorting  to  the  more  laborious  method  of  the  micrometer 
microscope.  T^e  regular  scale  telescope  of  the  saccharimeter  was 
replaced  by  a  microscope  equipped  with  parallel  cross  hairs  and 
rotating  drum.  The  graduations  on  the  drum  were  of  a  magni- 
tude such  that  one  division  corresponded  to  a  shift  ot  the  cross 
hairs  of  about  o?oi  S.  In  order  to  decrease  the  movement  of 
the  wedges  corresponding  to  a  given  movement  of  the  observer 's 
hand  a  lever  was  attached  perpendicular  to  the  vertical  drive 
rod  which  moved  the  wedges. 

The  Peters  saccharimeter  was  an  excellent  instrument  built 
for  tubes  up  to  200  mm  in  length.  It  had  a  large  and  sensitive 
field.  The  Lippich  polarizer  had  a  half-shadow  angle  of  about 
6®.  The  optical  system  is  shown  diagrammatically  in  Fig.  9. 
The  instrument  was  equipped  with  a  thermometer  giving  the 
temperature  of  the  wedges.  The  same  difficulty  was  encotmtered 
in  reading  the  nickelin  scales  as  in  the  Schmidt  &  Haensch  sacchari- 
meter. It  was  overcome  in  the  same  way  by  the  use  of  a  suitable 
micrometer  microscope.  An  additional  lever  was  also  found 
necessary  in  order  to  obtain  a  smaller  movement  of  the  quartz 
wedge.  The  instrument  was  tested  on  the  basis  of  standardiza- 
tion adopted  by  the  International  Sugar  Commission,  at  the 
Institut   ftir    Zucker-Industrie.     The    certificate    showed    that 


I04  Bulletin  of  the  Bureau  of  Standards  [va.  13 

eight  points  on  the  positive  wedge  were  checked  against  sugar 
solutions  with  a  maximum  error  of  o?o2  S,  the  87 ?5  S  and  the 
100°  S  points  showing  zero  corrections. 

6.  LIGHT  SOURCES 

Two  spectrum  lines  were  utilized  for  the  measurement  of  the 
rotations  in  circular  degrees,  namely,  X  =  5461  A  and  X  =  5892.5  A. 
The  former  is  the  so-called  ''yellow-green"  line  of  incandescent 
mercury  vapor.  Its  many  advantages  for  polarimetric  work  have 
already  been  described  by  one  of  us.'*  The  lamps  used  were  of 
quartz.  These  were  fitted  with  special  air-cooling  apparatus, 
which  permitted  their  operation  at  the  high  current  densities 
necessary  to  give  the  desired  intensity.  The  source  X  — 5892.5  A 
was  obtained  from  the  two  sodium  lines  D|  and  D,  by  heating 
fused  NajCOs  ^  ^^  oxyhydrogen  flame.  Both  of  these  sources 
were  carefully  purified  by  means  of  an  improved  type  of  disper* 
sive  system  which  will  be  described  by  one  of  us  in  a  subsequent 
paper.  The  purification  secured  was  so  perfect  that  with  inten- 
sities sufficiently  high  to  permit  the  use  of  a  half -shadow  angle  of 
3^  for  reading  the  solutions  the  field  of  the  instrument  was  well 
illuminated  and  uniform  in  color. 

The  white  light  source  used  in  the  saccharimeter  measurements 
was  the  same  as  that  employed  in  the  original  Herzfeld-Schonrock 
research  previously  referred  to  and  which  gave  the  relation 
100®  S  =  34?657  for  the  value  of  the  conversion  factor.  The  light 
from  a  Welsbach  mantle  (Auerlicht)  was  passed  through  a  15  mm 
thickness  of  a  6  per  cent  solution  of  potassium  bichromate  before 
it  entered  the  instrument.  This  method  of  modifying  the  char- 
acter of  the  light  was  officially  adopted  by  the  International 
Congress  for  Uniform  Methods  of  Sugar  Analysis  at  the  New 
York  meeting  '•  in  September,  191 2. 

7.  QUARTZ  CONTROL  PLATES 

Two  quartz  plates,  designated  Nos.  i  and  3,  were  used  through- 
out the  measurements.  Both  are  of  excellent  quality,  optically 
homogeneous,  nearly  plane  parallel  and  are  primary  standards  of 

*  Bates.  Bull.  Bur.  Standards.  2,  p.  339  (1906). 

"  Biyan,  Am.  Sugar  Ind.,  Nov.  Z9za,  p.  6a.    Zs.  Ver.  Znckrrind.  6S,  I,  p.  99  (z9X3)»  InL  Su<.  J.,  16b 
p.  8  (29x3). 
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the  Btireau  of  Standards.  They  have  been  tested  at  this  Bureau, 
and  at  the  Physikalisch-Technische  Reichsanstalt,  and  in  addi- 
tion plate  I  has  been  tested  at  the  Institut  fur  Zucker-Industrie. 
A  summarized  statement  of  the  values  of  the  physical  constants 
of  these  plates  in  our  possession  at  the  beginning  of  the  research 
is  given  in  Table  5.  All  the  values  given  in  sugar  degrees  are  on 
the  basis  of  standardization  adopted  by  the  International  Sugar 
Commission.  The  values  in  the  column  headed  "calculated" 
were  obtained  by  using  the  Herzfeld-Schonrock  conversion  factor 
and  the  accepted  value  of  the  rotation  in  circular  degrees.  All 
rotation  values  are  for  20®. 

TABLE  5 
Physical  Constants  of  Quartz  Coatrol  Plates 


Dtam- 
eter 

Aili 

6Tror 
In 

p!¥!E 

Rfltetton  in  dicalar  dafTMS 

RotsUonln 
■agardegraet 

Plate 

X-5892JJL 
B.S. 

X-iS892jJU 
P.T.R. 

X-5092.5A 
valiM>' 

X-5461A, 
B.S. 

Cslctt- 
1«ted 

IniL 

Zodc. 

Ind. 

1 

15.6 
16.0 

a  052 
a  037 

34.597t 
34.629s 

34.596 
34.626 

34«  596i 
34.627t 

4a662f 
4a697| 

99.827 
99.915 

99.82 

3 

^  Bates,  Bull.  Bar.  Standards,  8,  p.  »S9  (z9o6). 

In  order  to  utilize  the  high  sensibility  of  the  large  polarimeter 
it  is  necessary  to  take  unusual  precautions  to  insure  that  the 
axis  of  each  polariscope  tube  and  quartz  plate  be  parallel  to  the 
axis  of  the  optical  system  of  the  instrument.  A  simple  calcula- 
tion shows  that  in  order  to  produce  an  increase  of  o?ooi  in  the 
rotation  angle  between  the  axis  of  tube  or  plate  and  that  of  the 
instrument  must  be  about  27  minutes.  The  eyepiece  of  the  ob- 
serving telescope  was  replaced  with  a  Gauss  ocular  and  the  trough 
adjusted  until  the  axes  coincided  within  approximately  15 
minutes.  The  maximtun  possible  error  due  to  this  source  was 
therefore  of  the  order  of  o?ooo5. 

8.  POLARISCOPB  TDBBS 

The  polariscope  tubes  used  were  all  of  glass,  similar  in  design 
and  200  mm  in  length.  Preliminary  experiments  with  400  mm 
tubes  read  on  the  large  polarimeter  demonstrated  the  desirability 
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of  using  the  shorter  tube.  Two  of  the  saccharimeters  would  not 
take  the  400  mm  tubes  and  it  was  advantageous  in  each  experi- 
ment to  read  the  same  tube  on  both  saccharimeter  and  polar- 
imeter.  In  addition  the  short  tube  is  easier  to  handle,  it  is  not  so 
difficult  to  keep  the  temperature  of  the  liquid  uniform  throughout, 
and  the  definition  of  the  polariscope  field  is  considerably  better. 

All  the  tubes,  Fig.  6,  were  of  the  water- jacketed  type.  Owing 
to  the  fact  that  air-bath  thermostats  were  used  it  was  uimecessary 
to  flow  water  through  the  metal  jacket  to  maintain  the  temper- 
ature of  the  tube  at  20°.  A  side  tube  with  a  10  mm  opening 
extended  into  the  tube  proper.  The  flared  outer  end  of  the  side 
tube  carried  a  glass  stopper  through  which  a  thiermometer,  fitted 
to  the  stopper  by  a  ground  joint,  extended  into  the  body  of  the 
solution.  A  capillary  opening  in  the  stopper  eliminated  any  undue 
pressure  on  the  cover  glasses  and  consequent  danger  of  double 
refraction.  The  cover  glasses  were  carefully  selected  and  were 
fairly  free  from  internal  strains.  Inasmuch  as  the  measurements 
were  all  made  at  one  temperature,  practically  no  difficulty  was  ex- 
perienced in  preventing  leakage  around  the  cover  glasses.  No 
adhesive  or  cement  was  necessary  to  prevent  evaporation.  The 
lengths  (Table  6)  were  determined  by  D.  R.  Miller  of  the  division 
of  weights  and  measures.  Inasmuch  as  the  rotation  measure- 
ments necessarily  extended  over  a  considerable  period  of  time,  the 
lengths  were  redetermined  after  an  interval  of  about  one  year. 
Both  determinations  were  in  good  agreement.  The  values 
accepted  were  each  the  average  of  two  series  of  observations,  one 
series  being  taken  on  the  rim  and  the  other  with  the  cover  glasses 
in  place. 

TABLE  6 
Lengths  of  Folarization  Tubes,  with  Correctioas  for  Normal  Solution 


Tttbeamnbei 


8819A 
8819B 
7294A 
5797A 


Lencthln 
mllUmeteii  at 

WC 


199.945±.0O5 
199.952±.00S 
199.984:k.005 
20a02S±.005 


Conwtlons  III 
dafraMragw 


+ao28 

+  .024 
+  .006 

-  .013 


ComcUoiis  In 
ctreolardtoraM 

X- 5461 A 


+aoii 

+  .010 

+  .oos 

-  .005 
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9.  ROTATION  PRODUCED  BT  POLARISCOPS  TUBES  FILLED  WITH 

WATER 

Any  change  in  the  general  appearance  of  a  photometric  field  is 
likely  to  cause  a  difference  between  the  settings  before  and  after 
the  change.  The  magnitude  of  this  difference  varies  with  the 
individual.  It  is  thus  of  great  importance  in  measuring  the 
absolute  rotation  of  a  substance  to  insure  that  no  change  in  the 
appearance  of  the  field  occurs  between  the  determination  of  the 
zero  point  and  the  tube  reading.  The  apparent  total  rotation  of 
a  tube  of  solution  may  thus  consist  of  the  rotation  due  to  the 
active  solution  plus  or  minus  a  small  apparent  rotation  due  to  the 
changed  appearance  of  the  field.  The  latter  may  be  due  to  a 
number  of  causes,  among  which  may  be  mentioned  slight  double 
refractions,  lens  effects,  etc.  Obviously  the  most  effective  method 
of  elimination  is  to  determine  the  zero  point  with  the  tube  filled 
with  the  inactive  solvent.  Owing  to  the  fact  that  it  was  necessary 
to  have  the  tubes  dry  before  filling  with  solution  it  was  impracti- 
cable to  do  this.  An  investigation  was  therefore  made  of  the 
change  in  the  zero  point  by  a  tube  filled  with  distilled  water.  In 
many  instances  after  the  observations  on  the  sugar  solutions  had 
been  made  the  tubes  were  thoroughly  cleansed  without  removing 
the  cover  glasses,  filled  with  distilled  water,  and  read.  A  series 
of  experiments  on  two  tubes  is  given  in  Table  7. 

TABLE  7 
Rotation  by  Tubes  FUlod  with  Water 


TaU 

7294A 

Tube 

8819A 

DegreM 

Degrees 

-0. 0015 

-ad002 

-a  0020 

0.0000 

-a  0043 

+0.0001 

+0.0003 

-0.0013 

-0. 0013 

-a  0009 

-a  0023 
0.0000 

0.0000 

Av. -aoois 

Av. -aoooz 
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In  the  measurements  on  the  normal  solutions  the  zero  point 
was  determined  without  the  use  of  the  tube,  and  from  an  inspection 
of  the  data  in  Table  7  it  is  very  questionable  whether  any  increase 
in  the  accuracy  of  our  measurements  could  be  made  by  a  zero 
correction  obtained  by  reading  the  tube  filled  with  water.  We 
have  therefore  in  the  present  investigation  assumed  that  the  total 
rotations  measured  were  due  solely  to  the  sucrose. 

IV.  OBSERVATIONS  AND  COMPUTATIONS 
1.  SACCHARIMETER  VALUES  OF  QUARTZ  CONTROL  PLATES 

In  order  to  determine  the  agreement  among  the  three  saccha- 
rimeters  and  the  average  deviation  from  the  Herzf eld-Schonrock 
values,  as  well  as  for  use  in  the  calculations  in  the  present  investi- 
gation,  a  series  of  plate  readings  were  made.  The  data  are  sum- 
marized in  Table  8.  Each  value  is  the  average  of  two  series  of 
readings  by  independent  observers.  In  taking  the  readings  the 
procedtire  was  to  make  six  settings  on  the  zero  point  followed  by 
six  settings  on  the  plate  and  fotu"  on  the  zero.  The  agreement 
between  the  average  values  for  the  three  diflferent  makes  of 
instnmients  is  very  satisfactory,  and  is  an  excellent  illustration  of 
the  degree  of  perfection  attained  in  the  modem  saccharimeter. 
From  Table  5  tJie  soditmi  values  of  plates  i  and  3  are  34?597  and 
34?628,  respectively.  Since  the  Herzfeld-SchSnrock  value  gives 
o?34657  =  i®  S,  we  obtain  99?827  S  for  the  value  of  plate  i  and 
99-915  S  for  plate  3.  From  Table  8  the  grand  average  for  plate  i 
is  99?8o5  S  and  99?88j  S  for  plate  3.  The  average  difference 
between  the  observed  and  the  theoretical  values  is  thus  o?o27  S. 
It  is  therefore  evident  that  these  modem  saccharimeters  give  an 
average  reading  which  is  o?027  S  lower  than  they  should  if  accu- 
rately standardized  on  the  Herzfeld-Schonrock  value  so  as  to 
conform  to  the  basis  of  the  International  Sugar  Commission.  A 
similar  calculation  using  the  old  equation,^*  0*3469  =  1^,  shows 
these  saccharimeters  give  an  average  reading  which  is  o?o67  S 
higher  than  the  Ventzke  basis  of  standardization. 

ss  Landolt,  Das  Optische  Drehungsvenndeeii  a  Auflagc,  p.  337  (1898). 
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TABLE  8 
Saccharimeter  Readings  on  Quartz  Plates 


Pistol 

(HmtoM-ScbBBnck  tahM- 

9998278) 

PlitoS 

(H«nEteia-8cliinrKk  vala«- 

9999158) 

BirtM* 
ftle 

Sdunldt 

* 
ITmnifli 

MrWSmm 

Bates- 
Ffk 

ft 
ITiininfli 

MrWSmm 

99982 
.8S 

.81 
.82 
.80 
.78 
.77 
.82 
.82 
.78 
.81 
.79 
.81 

99981 

.81 
.80 
.81 
.79 
.82 
.82 
.80 
.82 
.82 
.80 

99981 

.80 
.81 
.79 
.79 

99991 
.89 
.88 
.89 
.89 
.86 
.86 
.88 
.88 
.93 
.91 
.86 

99996 

.84 
.86 
.88 

.84 
.87 
.88 
.94 
.89 
.88 
.88 

9!fW9o 

.87 
.88 

.88 
.86 

Av.  9998Qi 

99980b 

99980b 

99988i 

999884 

999874 

Onnd 
Ofand 


to 
to 


Afafac^  liiiliBBMiit  anaCt  Sdimldt  4b  Haanadi. 


9998Qb 
99988t 

090248 

09024 

09034 


Avaiaga 


0902t 


2. 


4>    X-5892.5A 


4>    X-S461A 


FOR  THE  NORMAL  SUCROSE  SOLUTION 


The  ratio  of  the  rotations  of  quartz  for  X  ^  5461 A  and  X  »  5892.5A 
being  known  with  a  high  degree  of  precision  it  is  desirable  for 
use  in  the  present  investigation  as  well  as  for  other  purposes  to 
establish  a  similar  ratio  for  sucrose.  Since  the  constant  to  be 
determined  is  a  ratio  it  is  tmnecessary  to  prepare  exactly  normal 
solutions  for  the  experiments,  although  the  solutions  used  were 
very  nearly  normal.  The  sucrose  was  taken  from  a  selected 
sample  of  known  purity.  Seven  complete  experiments  were  made. 
Two  tubes,  described  above,  were  measured  in  each  experiment, 
a  complete  set  of  observations  being  taken  by  two  independent 


no 


BvUetin  of  the  Bureau  of  Standards 


{VU.  13 


observers.  Since  it  is  of  great  importance  to  maintain  the  physical 
condition  of  the  tubes  constant  throughout  each  experiment  the 
temperature  was  carefully  controlled  at  20°  C  and  the  observa- 
tions completed  on  the  same  day  they  were  begun.  In  addition 
the  light  soiffces  were  so  arranged  that  the  shifting  from  one  to 
the  other  was  made  with  but  tittle  loss  of  time,  thus  eliminating 
the  possibility  of  a  change  in  the  condition  of  the  solution.  Ten 
zero  point  and  ten  tube  settings  were  made  by  each  observer  for 
each  light  source.  The  data  are  summarized  in  Table  9.  We 
have  therefore 

^^=^=0.84922  (3) 

TABLE  9 
Value  of  li^o'^''^     ^'  Sucrose 

9    X-546xA 


Siporinirat 

^'x-546l  ^ 
drcular  degraei 

^X- 5892.5  ^ 
circular  dafraes 

^'\- 5892.5  A 

^'%-546lA 

1 

4a  7772 
4a  7761 
4a  7860 
40.5044 
4a  5207 
4a  9978 
41.0110 

34.6349 
34.6239 
34.6357 
34.3975 
34.4073 
34.8163 
34.8297 

a  84937 

2 

.84912 

3 

.84921 

4  

.84923 

5 

.84913 

6 

.84922 

7 

.84928 

Avongo — r, 

.84922^.00002 

Subsequent  to  the  determination  of  the  similar  ratio  for  quartz 
made  by  one  of  us,  a  redetermination  of  this  constant  was  made 
with  the  assistance  of  Francis  P.  Phelps,  on  the  apparatus  used 
in  the  present  research  and  the  value  0.85076  was  obtained,  the 
original  determination  giving  0.85094.  Taking  the  average  of 
these  we  obtain 

t[^r=^- 0.85085  (4) 

<p  X-5461A 


We  thus  have  0.00163  as  the  difference  between  0.85085  and  the 
above  value  for  sucrose.  The  quantity  0.00163  is  due  to  the 
difference  between  the  rotary  dispersion  curves  of  quartz  and 
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sucrose  in  this  portion  of  the  spectrum,  thereby  producmg  color 
effects  in  the  fidd  of  the  quartz-compensating  saccharimeter  when 
a  white  light  source  is  used  and  necessitating  the  adoption  of  the 
potassium  bichromate  filter. 

3.  CORRECTIONS  FOR  TEMPERATURE 

The  temperature  corrections  in  polarimetric  work  are  unusually 
complicated.  In  precision  measurements  it  is  therefore  desirable 
to  keep  all  corrections  as  small  as  possible.  Fortunately  the 
standardization  temperattu-e  of  20°  C  being  practically  room 
temperature,  greatly  facilitates  this.  The  specific  rotation  coeffi- 
cient for  quartz  is  0.000136.  The  linear  coefficients  of  expansion 
parallel  and  perpendicular  to  the  optic  axis  and  for  the  nickelin 
scales  used  on  quartz  wedges  are  0.000007,  0.000013,  and  0.000018, 
respectively.  Thus  the  total  temperature  coefficient  for  the 
ordinary  saccharimeter  is 

0.0001364-0.000007  —0.000013 +0.000018  «•  0.000148  (5) 

If  the  scale  be  of  glass,  0.000008  must  be  substituted  for  0.000018 
and  the  right-hand  member  of  (5)  becomes  0.000138.  Since  the 
effect  of  the  expansion  coefficient  0.000148  is  to  lower  the  reading 
of  the  scale  with  an  increase  of  temperature,  the  apparent  polari- 
zation of  any  substance  is  lower  than  it  should  be  and  the  reading 
at  20°  (Sao)  is  given  by  the  following: 

S^^Sf^ St o.oooi 48  (t - 20)  (6) 

When  a  quartz  control  plate  is  read  in  a  saccharimeter  this  effect 

is  not  completely  compensated.    The  temperature  coefficient  of 

the  plate  is 

0.0001 36  +  0.000007  =■  0.0001 43  (7) . 

The  reading  (W^jo)  of  the  plate  is  then 

W^2o '^Wt+Wt  0.000005  (i - 20)  (8) 

where  t  is  the  temperature  of  the  wedges.  The  correction  given 
by  (8)  changes  sign  if  the  scale  be  of  glass. 

When  a  normal  sucrose  solution  is  polarized  in  a  glass  tube  the 
linear  expansion  coefficient  of  the  tube  is  0.000008.    The  tempera- 
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ture  coefficient  of  the  specific  rotation  at  20°  C  for  the  normal 
sucrose  solution  (/>  — 23.701)  has  been  given  by  Schdnrock  as 
0.000184.  The  expansion  coefficient  of  the  solution  is  0.000285. 
The  temperature  coefficient  for  tube  and  solution  is  thus 

—0.000008  +0.000184  +0.000285  «o.ooo46i  (9) 

and  the  reading  of  the  solution  at  20**  C  (R20)  is  given  by 

/?2o"-^t+-Rt  0.000461  (^  —  20)  (10) 

4.  DETERMINATION  OF  THE  READING  OF  THE  NORMAL  SOLUTION  ON 

THE  HERZFELD-SCH5NR0CK  SCALE 

In  order  to  check  the  acciffacy  of  the  Herzfeld-Schonrock  scale 
10  complete  experiments,  numbers  25  to  34,  inclusive,  were  made 
in  the  final  series  of  measurements.  Two  200-mm  tubes  of  solu- 
tion were  used  in  each  experiment,  with  the  exception  of  number 
26,  in  which  one  tube  was  lost.  The  solutions  were  prepared  as 
described  above.  The  fact  that  no  attempt  was  made  to  prepare 
acctu'ately  normal  solutions  was  of  advantage  in  that  the  observers 
could  be  in  no  degree  prejudiced  by  a  foreknowledge  of  what  the 
instrument  reading  should  be.  Only  after  the  experimental  work 
was  completed  and  the  correction  for  the  concentration  applied 
was  the  reading  of  the  normal  solution  known.  If  the  Herzfeld- 
Schonrock  values  for  the  international  commission's  basis  of 
standardization  are  correct,  then  otu"  solutions,  when  corrected 
for  concentration,  should  read  100°  S  on  the  sacchaiimeter  within 
the  limits  of  the  experimental  error. 

The  data  describing  the  solutions  used  in  the  final  series  of  meas- 
urements are  given  in  Table  10.  In  each  experiment  the  solu- 
tions were  made  up  to  volume  and  all  observations  completed  on 
the  same  day.  Each  of  the  two  tubes  was  read  by  two  observers 
on  two  saccharimeters.  When  the  tubes  were  first  placed  in  a 
thermostat  they  were  allowed  to  remain  at  least  two  hours  before 
reading,  in  order  to  bring  solution  and  air  to  the  same  temperature. 
In  experiments  25  and  26  no  plate  readings  were  taken.  Not  less 
than  six  zero-point  settings  were  made,  followed  by  not  less  than 
six  tube  settings  and  fotu"  more  zero-point  settings.  The  second 
tube  was  then  read,  and  finally  not  less  than  six  additional  zero- 
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point  settings  made.  In  experiments  27  to  34,  inclusive,  the 
zero  points  were  not  read.  Instead  six  readings  were  taken  on 
plate  I ,  followed  by  eight  readings  on  a  tube  of  solution,  six  readings 
on  plate  3,  and  eight  on  the  second  tube  of  solution.  The  tem- 
peratures of  the  air  bath,  the  solution,  and  the  wedges  were  taken 
at  the  beginning  and  end  of  each  set  of  six  or  eight  observations. 
A  complete  record  was  thus  secured  of  the  temperature  conditions 
throughout  each  experiment.  Owing  to  the  excellence  of  the 
thermostats,  we  were  able  to  make  our  measurements  at  a  prac- 
tically constant  temperatiu*e,  which  seldom  differed  from  20^  C 
by  more  than  o?2  C.  The  corrections  to  be  applied  were  there- 
fore small. 

In  the  present  investigation  all  solutions  were  made  up  to  volume 
at  20*^  C.  In  order  to  obtain  the  rotation  on  the  saccharimeter, 
it  is  then  necessary  to  correct  the  reading  for  the  temperature 
difference  between  20^  C  and  the  solution  temperature  and  20®  C 
and  the  quartz-wedge  temperature.  The  instrument  correction 
was  obtained  from  (6)  (t  being  the  temperattu-e  of  the  wedges)  and 
seldom  exceeded  o?oo3  S.  No  distinction  was  made  between  the 
corrections  for  glass  and  nickel  in  scales.  Similarly,  in  reading 
the  quartz  plates,  equation  (8)  was  ignored  owing  to  the  fact  that 
the  correction  was  negligible.  The  correction  for  the  solution  is 
given  by  (10).  The  magnitude  of  this  correction  rarely  exceeded 
o?oi  S. 

The  agreement  between  the  readings  of  the  individual  observers 
for  the  final  series  of  measurements  is  shown  in  Table  1 1.  While 
it  is  true  that  all  difference  in  color  between  the  two  halves  of  the 
field  of  a  saccharimeter  is  not  eliminated  by  the  use  of  the  bichro- 
mate cell,  yet  the  elimination  must  be  fairly  complete  as  indicated 
by  the  agreement  between  the  readings.  This  is  in  accord  with 
the  results  obtained  by  Schonrock  *•  who  has  made  an  investigation 
of  this  important  point. 

The  saccharimeter  readings  for  the  normal  solutions  are  given 
in  Table  12.  In  experiments  25  and  26  the  rotation  is  the  differ- 
ence between  the  zero  point  and  the  tube  reading  after  adding 
the  scale  correction  from  Table  4.     In  the  remaining  experiments 
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TABLE  10 
Data  on  the  Prepaiatioii  of  the  Solutions 


SipOlllDMit 


25 
26 
27 
28 
29 
30 
31 
32 
33 
34 


Daaigiiatiaa 


Fraction  27. 
Fraction  27. 
Fraction  27., 
Sample  C. 
Fraction  30. 
Fraction  32 . 
Fraction  31.. 
Fraction  31.. 
Sample  A... 
Samples.. 


Weiithtof 
■issar(air, 

braaa 
weiflbts) 


3 


f 
24.370^ 
2&207s 
34.052b 
24.0291 
23.85^ 

34.0181 
24.  I8I1 
26.003k 
34.3261 
25.881* 


Weilthtof 
flolutien 

(alr,t>raia 
wdtfils) 


f 
101.570 
109.497 
142.665 
101.546 
101. 381 
142.636 
101. 496 
109.533 
143.045 
109.610 


Softf  by 
welibt 
in  vacuo 


Percent 
23.986s 
23.9261 
23.8610 
23.6551 
23.523b 
23.841t 
23.8171 
23.732i 
23.988r 
23.604i 


K.N.S.] 
tables 


1.09891 
L09863 
1.09834 
1.09741 
1.09680 
1.09825 
1.09814 
1.09775 
1.09892 
1.09717 


Volume  of  aolotlon 


Compttted 

from 

weights 

and  density 


cc 

92.514 

99.761 

13a  010 


92.518 
13a  000 


BjrHaak 


cc 
92.518 
99.750 
130.012 


92.520 
129.997 


TABLE  11 
Agreement  Between  Individual  Observers  with  Use  of  Bichromate  Light  Filter 


Sipeilmcnt 

BatM-Fric 

Schmidt  St  HswiBch 

ObMtfarA 

Observer  B 

Observer  A 

Observer  B 

Observer  A 

ObssrverB 

35 

l>ecne8 

99.908 
99.916 
99.872 
99.874 
99.893 
99.920 
99.863 
99.901 
99.896 
99.905 

l>ecnes 

99.891 
99.902 
99.874 
99.883 

99.872 
99.937 
99.884 

Wf.  Oifo 

99.907 
99.896 

l>ecnes 

l>sciees 

99.903 
99.852 
99.905 
99.894 

l>eciees 

l>eciees 

36 

99.852 

99.870 

•  99.912 

27 

28 

29 

99.859 
99.890 
99.885 

99.965 
99.915 
99.878 

99.854 

30 

99.928 

31 

99.909 

32 

99.884 

33 

99.887 

54 

99.900 

Mean. 

99.895 

99.895 

99.876 

99.889 

99. 899 

99.894 

a  Solutloa  observed  in  only  one  polarlacope  tube. 
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TABLE  12 
Reading  of  tibe  Nonoal  Soltttioii  on  the  Saccharimeter 
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Bly<i  liiiwut 

Av0nc0nta* 

tton  of  flotntlaii 

totwottc- 

dafraMtogar 

Rotettai  of  nonul  Mlnlloii  on  tlio  noduoimetor,  dogieot  ougar 

Baiot-rrk 

Avonco 

1 

9 

10 

11 

12 

13 

25 

101.191 
10a89b 

ioa6i4 

99.68r 

99.044 

10a56i 

ioa4i8 

10a  05i 

101.231 

99L4ab 

99.9Qb 
99.9Qb 

99.87i 
99.881 
99.81b 

99.93t 
99.87* 
99.9O1 
99.9O1 
99.9Qk 

• 

99.9Qk 
99.851 

99.88» 
99.90b 

99.9O1 

26 

99.880 

27 

99.88s 

28 

99.89b 

29 

99.858 
99.9I1 
99.891 
99.92r 
99.9Qb 
99.891 

99.87* 

30 

99.92i 

31 

99.88* 

32 

99.9I4 

33 

99. 90| 

34 

Avtfii*. 

99989r8 

99988r8 

99?89iS 

99989bS 

the  total  instrument  correction,  including  the  zero-point  error,  is 
found  by  subtracting  the  Herzfeld-Schdnrock  values  of  plates 
I  and  3  from  the  readings  of  these  plates  in  each  experiment.  The 
value  obtained  when  this  correction  is  added  to  the  tube  reading 
gives  the  actual  reading  of  that  tube  on  the  Herzfeld-SchSnrock 
scale.  This  method,  which  is  much  used  in  polarimetric  measure- 
ments when  a  plate  of  known  value  can  be  used  to  eliminate  errors 
due  to  instrument  and  light  source,  obviates  the  necessity  of 
reading  the  zero  point.  It  also  eliminates  as  far  as  possible  the 
question  of  any  error  due  to  a  change  in  the  instnunent  correction. 
The  final  correction  to  be  applied  to  the  tube  reading  is  that  for 
concentration.  Inasmuch  as  we  may  assiune  that  the  rotation  is 
directly  proportional  to  the  concentration  we  have 


R 


CR' 

C 


(II) 


where  R  and  C  are  the  rotation  and  concentration  of  the  normal 
solution  and  R'  and  C  the  rotation  and  concentration  of  a  near 
normal  solution.     From  the  definition  of  the  normal  solution  C  is  26 
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grams,  and  as  all  weighings  were  corrected  to  vacuo  it  becomes 
26.0159.    /?'  is  the  observed  saccharimeter  reading. 

Obviously  C'  =  ioo  Weight  of  sugar  in  vacuo 
•^  Volume  of  solution. 

_         Weight  of  sugar  in  vacuo  x  density  of  solution 
~  Weight  of  solution  in  vacuo. 

We  thus  have 

„^      ,  R'  (Weight  of  solution  in  vacuo) .    . 

""   '        ^^  (Density  of  solution)  (Weight  of  sugar  in  vacuo)     ^^  ^ 

Equation  (12)  was  applied  to  the  rotation  of  each  tube  as  meas- 
ured by  each  observer,  giving  four  values  for  the  rotation  of  normal 
solution  on  each  saccharimeter  in  each  experiment.  The  rotations 
given  in  colunms  10, 11,  and  12,  Table  12,  are  the  averages  of  these 
four  values.  Colunm  9  shows  the  rotations  actually  measured. 
The  values  in  column  13  show  the  rotation  of  the  normal  solution 
on  the  Herzfeld-Schonrock  scale  for  each  experiment.  It  will  be 
observed  that  the  agreement  of  the  determinations  for  the  different 
saccharimeters  as  well  as  that  between  the  individual  experiments 
is  very  satisfactory  and  that  in  no  instance  did  the  rotation  of  a 
normal  solution  even  approximate  100^  S.  The  average  of 
column  13  is  99?89j  S.  We  therefore  conclude  that  the  Herzfeld- 
Schonrock  scale  is  in  error  by  o?i06  S;  and  that  the  ordinary 
saccharimeter,  inasmuch  as  its  wedges  are  calibrated  to  that 
scale,  gives  readings  for  polarizations  in  the  neighborhood  of 
100°  S  that  are  o?i05  S  too  low.'* 

5.  THE  ABSOLUTE  ROTATION  OF  THE  NORMAL  SOLUTION  FOR  THE 

MERCURY  LINE,  X=»S461  A 

On  the  same  day  that  each  of  the  saccharimeter  measurements 
given  in  Table  12  was  made  the  solutions  were  read  in  the  large 
polarimeter  to  obtain  the  rotation  of  the  normal  solution  for  the 
polarimetric  standard  light  soiu-ce,  the  so-called  yellow-green  line 

^  Subsequent  to  the  presentation  of  our  preliminary  paper  at  the  Bighth  International  Congress  of 
Applied  Chemistry,  Walker  checked  our  value  for  the  reading  of  the  normal  solution  on  the  sacdiarimeter. 
(SeeSugsr,  17.  No.  a.p.  47  (19x5).  He  prepared  sucrose  by  the  alcohol  method  and  obtained  99?88  S.  He 
also  read  a  standard  sample  issued  by  the  Bureau  of  Standards  and  obtained  99?9o  S.  It  is  important 
to  note  that  a  careful  experimenter  with  average  laboratory  fadlities  obtains  results  in  agreement  with 
the  value  i;ivcn  in  Table  za. 
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of  incandescent  mercury  vapor,  X  =«  5461  A.  When  the  tubes  were 
placed  in  the  instrument  ample  time  was  allowed  for  the  solution 
to  come  to  the  temperature  of  the  thermostat.  This  was  done 
because  the  thermometer  in  the  solution  was  not  read.  Instead 
the  temperature  of  the  air  in  the  immediate  vicinity  of  the  tube 
was  taken. 

TABLE  13 
Rotation  of  Nqmiftl  Soliitloo  for  X*-5461  A 


Bipwfiwn>Wo. 

X-5461A 

Bipwfiwn>Wo, 

TBfltwtlffii 
X-i546lA 

15 

4a  757 
4a  770 
4a  761 
4a  763 
4a  751 
4a  773 

31 

40.749 

36 

32 

4a  769 

17 

33 

4a  7n 

28 

34 

4a  767 

29 

Awnc0.  ........................ 

10                            * 

4a  763 

w>  ••.•.•••••••••••••.•.•••••■•...•..•* 

Each  of  the  two  tubes  was  read  by  two  observers.  Each 
observer  made  not  less  than  six  readings  on  the  zero  point,  alter- 
nating with  right  and  left  eyes.  The  temperature  was  then  taken 
and  not  less  than  six  readings  made  on  the  tube  of  solution,  tem- 
perature taken,  and  not  less  than  six  zero-point  readings  made. 
Temperature  was  then  taken  and  the  second  tube  read.  Tempera- 
ture was  ag£dn  taken  and  six  additional  zero-point  readings  made. 
The  scale  readings  were  equally  divided  between  the  two  reading 
telescopes,  180^  apart,  in  order  to  correct  for  any  eccentricity  of 
the  circle.  In  general,  the  zero-point  readings  immediately  pre- 
ceding and  following  the  tube  readings  were  taken  to  determine 
the  zero  point  for  that  tube.  The  effect  of  any  possible  shift  in  the 
zero  point  such  as  might  arise  from  a  change  in  the  illuminating 
system  is  thus  eliminated.  In  making  the  corrections  for  the 
temperatures  of  the  solutions  (24)  was  used.  The  temperature 
of  the  thermostat  was  maintained  so  nearly  at  20^  that  the  mag- 
nitude of  the  correction  was  seldom  o?oo2.  The  results  of  the 
measurements  are  given  in  Table  13.  In  the  development  of 
polarimetric  measurements  at  the  Bureau  of  Standards  a  number 
of  different  methods  of  purification  for  intense  monochromatic 
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sources  have  been  experimented  with.  The  two  systems  finally 
adopted  show  a  small  unexplainable  difference  in  the  rotations 
obtained.  We  have  therefore  made  a  correction  of  o?oo4  to  the 
rotations  actually  measured  so  that  our  values  are  what  we  would 
have  obtained  had  the  solutions  been  measured  with  both  dis- 
persive systems.  The  rotation  of  the  normal  solution,  coluxnn  2, 
correcting  for  concentration,  was  obtained  from  (12).  Taking  the 
average  value  for  the  10  experiments,  we  obtain 

Normal  sugar  solution  » 100^  sugar  —  .    . 

40? 763  (X  -  5461  A)  at  20^  C  ^^3) 

6.  THB  ABSOLUTE  ROTATION  OF  THE  NORMAL  SOLUTION  FOR  THE 

SODIUM  LINES,  X-i5892.5  A 

In  Table  9  the  ratio  of  the  rotations  of  the  near-normal  sucrose 
solution  for  X  — 5892.5  A  and  X  — 5461  A  is  shown  to  be  0.84922. 
The  rotation  of  the  normal  solution  for  X->546i  A  being  407763 
we  have 

Normal  sugar  solution  =«  100^  sugar  =«  40? 763X0.84922  .    . 

-34?6i67  (X- 5892.5  A)  at  20°  C  ^^^^ 

as  the  absolute  rotation  of  the  normal  solution  for  the  sodium 
lines. 

7.  DETERMINATION  OF  THE  CONVERSION  FACTOR 

The  value  of  the  conversion  factor  has  been  determined  by  two 
methods  of  calculation,  both  of  which  are  wholly  independent  of 
the  data  obtained  by  previous  investigators.  In  both  methods 
the  tubes  of  solution  are  used  to  make  an  independent  calibration 
of  the  wedges  of  the  saccharimeters  in  each  experiment.  Inas- 
much as  the  same  fundamental  data  are  used  in  each  procedtu'e, 
the  object  in  determining  the  conversion  factor  by  two  methods  is 
to  sectu"e  a  positive  check  on  the  final  value  for  each  experiment. 

From  the  definition  of  the  conversion  factor  previously  given 

we  have 

-,  '      r    ^        100  rotation  of  plate  in  circular  degrees    ,    . 

Conversion  factor = ^^^^^^  ^^  ^^^^  ^^  ^^  saccharuneter    <^5) 

scale 

Since  the  rotations  of  plates  i  and  3  in  circular  degrees  are  known 
from  Table  5,  it  is  only  necessary  to  determine  the  rotation  of  the 
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plates  on  the  true  saccharimeter  scale  as  determined  by  our  normal 
solutions. 

.  The  first  method  is  the  more  direct  of  the  two.  The  conversion 
factor  is  calculated  for  each  experiment  entirely  from  the  data 
secured  during  that  experiment.  This  has  been  accomplished 
by  calculating  directly  the  correction  which  must  be  applied 
to  the  saccharimeter  reading  in  order  that  the  normal  solution 
shall  read  100^  S  on  that  scale.  All  the  errors  finvolved  in 
the  instrument  error,  such  as  zero  and  scale  errors,  are  auto- 
matically eliminated.  The  correction  for  each  experiment  is  thus 
obtained,  which  must  be  applied  to  the  quartz-plate  readings 
taken  during  the  experiment  to  find  the  values  of  the  plates  on  the 
true  scale.  The  latter  must  be  known  in  order  to  calculate  the 
conversion  factor.    We  have  therefore 

100®  S  (true  scale)  —  (Reading  of  solution  . 

±  instrument  correction)  (concentration  factor)        ^    ' 


or 


Instrument  correction'^ 

100 
-  Reading  of  solution  -  Concentration  factor  <^7) 

In  this  method  advantage  is  taken  of  the  fact  that  the  true  scale 
and  the  Herzfeld-Schomxxdc  scale  differ  by  only  o?i  S  at  the  100® 
points.  It  thus  becomes  possible  to  use  quartz  plates  whose 
sugar  values  differ  to  a  considerable  degree  from  that  of  the  true 
normal  quartz  plate  without  appreciable  error  due  to  the  differ- 
ence in  the  units  of  the  two  scales.  Plate  3,  with  a  value  of 
99?9i5  on  the  Herzfeld-Schonrock  scale  is  very  nearly  a  normal 
plate  for  the  true  scale,  and  plate  i,  with  a  value  of  99^827  differs 
by  less  than  o?i  S  from  a  true  normal  plate.  The  maximum 
possible  error  in  the  value  of  the  rotation  of  plate  i  on  the  true 
scale  is  therefore  of  the  order  of  o?oooi  S  and  is  negligible.  The 
instrument  correction  given  by  (17)  is  applied  to  the  quartz-plate 
readings  seciu^d  in  each  experiment  to  obtain  the  values  of  the 
plates  on  the  true  saccharimeter  scale.  The  conversion  factor 
is  then  calculated  from  (15). 

^  Instrument  correction  here  includes  xero  displacement  as  well  as  the  errors  in  the  scale  graduation. 
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In  the  second  method  the  scale  readings  on  plates  i  and  3  in 
each  experiment  are  averaged.  The  difference  between  this 
value  and  the  averages  for  the  two  saccharimeters  used,  given 
in  Table  8,  gives  the  zero  correction.  The  correction  is  applied 
to  the  tube  readings  giving  the  observed  rotation  of  the  solution. 
The  correction  for  concentration  is  then  made  by  equation  (12) 
which  gives  the  rotation  of  the  normal  solution.  This  value  would 
have  been  100°  S  on  a  true  scale.  We  have,  therefore,  using  the 
observed  plate  rotation  from  Table  8, 

Rotation  of  plate  on  true  scale 

100  (Observed  rotation  of  plate)  .    v 

*"     (Reading  of  normal  solution)  ^    ^ 

The  conversion  factor  is  then  calculated  from  (15). 

Although  the  procedure  in  this  method  differs  from  that  indi- 
cated in  the  preceding  and  a  zero-point  correction  is  necessary, 
it  should  be  noted  that  any  possible  error  in  the  determination  of 
the  zero  point  due  to  the  use  of  the  plate  values  from  Table  8, 
can  not  enter  into  the  value  for  the  plate  rotation  on  the  true 
scale.  Obviously  from  (18)  the  desired  value  is  a  ratio.  Since 
any  error  made  in  determining  the  zero  point  is  present  in  both 
the  ntunerator  and  the  denominator  of  (18),  it  is  not  essential  to 
know  the  plate  readings  from  Table  8  to  an  acctuacy  greater  than 
will  affect  the  value  of  the  sixth  figure  in  the  ratio.  In  this  method 
as  well  as  in  the  first  method  no  accurate  determination  of  the  zero 
point  is  essential  and  the  number  of  saccharimeter  readings  in 
each  experiment  necessary  to  the  determination  of  the  conversion 
factor  is  reduced  to  the  minimum. 

The  values  of  the  conversion  factor  by  the  first  method  are  given 
in  Table  14.  The  procedure  indicated  above  for  that  method  was 
modified  in  using  the  data  from  experiments  25  and  26.  Since 
the  zero  was  directly  determined  the  scale  correction  was  calculated 
by  using  the  instrument  correction  from  (17),  and  added  to  the 
plate  values  from  Table  8  in  order  to  obtain  the  reading  of  the 
plates  on  the  true  scale.  The  accuracy  of  the  values  from  experi- 
ments 25  and  26  are  dependent  on  a  series  of  saccharimeter  plate 
readings  extending  over  a  period  of  some  months.  Thus,  the 
agreement  between  experiments  25  and  26  and  the  remainder  of 
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the  series  is  an  excellent  illustration  of  the  reliability  of  the  mod- 
em saccharimeter  over  considerable  intervals  of  time.  The 
values  obtained  by  Method  II  are  identical  with  those  given  in 
Table  14  and  are  therefore  omitted. 

The  average  of  coltmm  5  in  Table  14  is  34?620i  and  the  corres- 
ponding value  calculated  by  Method  II  is  34?62o,.    The  final 
average  value  is  therefore  34?  620,,  and  we  have 
Normal  quartz  plate  - 100°  S  =  34^620  (X  =  5892.5  A)  at  20°  C    (19) 

i^S«o?3462o(X  =  5892.5  A)  at  20*^0  (20) 


2?8885oS»i''(X-5892.5A) 

TABLB  14 
Deteniiiiuiti<m  of  Caii?erskm  Factor  by  Madiod  I 


(21) 


Avwaf* 
iMHliag 

of 
•olvttm 

meten, 
tngar 

Cflnvwilon  teeter  (dicater  dtgrati) 

Kipttliiwnl 

x^unjsk 

X«546lA 

Ptetel 

Ptete3 

Avsnco 

Ptetel 

Ptete3 

AVMlft 

1 

2 

3 

4 

5 

6 

7 

8 

25 

10L31 
10L09 

ioa9i 
ioao2 

101.66 
103.20 
103w05 
10172 
103.92 
102.13 

34.6201 
.614t 
.605t 

.617» 

.6oe» 

.626b 
.620i 
.619k 
.6250 
.621i 

34.623k 
.617i 
.622« 
.6179 
.6I61 
.629r 

.618b 
.634» 
.621t 
.6217 

34.622, 
.615r 
.61Sk 
.617» 
.612r 
.628d 
.619« 
.627i 
.623« 
.62U 

40.69()k 
.683« 
.672» 
.68^ 

.677« 
.697* 

.689k 

6959 

.6914 

4a694« 
6861 
.691t 
.6M« 
.685i 
.70Qk 
.6861 
.706« 
.691* 
.6910 

4a  69% 

26 

.68S9 

17 

.682i 

28 

.68& 

29 

.68U 

30 

.606k 

31 

.688k 

32 

.696i 

S3 

.893k 

84 

.691t 

Aveng*. 

34.620i±a0012 

40. 689kdba  0013 

The  average  of  column  8  in  Table  14  is  40?6898  and  the  corre- 
sponding value  calculated  by  method  II  is  40?6899.  The  final 
average  value  is  therefore  40?  689 ,  and  we  have 

Normal  quartz  plate  =  100°  S = 40? 690  (X  =  5461  A)  at  20°  C     (22) 

I °  S  -o?4o690  (X  =  5461  A)  at  20°  C     (23) 


2?4576iS  =  i^(X  =  546iA) 


(24) 
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8.  DIFFERENCE  IN  CIRCULAR  DEGREES  BETWEEN  THE  NORMAL  QUARTZ 

PLATE  AND  THE  NORMAL  SOLUTION 

The  rotation  of  the  normal  solution  for  sodium  light  is,  from 
equation  (14),  34?6i7,  and  of  the  normal  quartz  plate  is  34?620 
from  (19).  The  rotation  of  the  plate  thus  differs  by  only  o?oo3 
from  that  of  the  solution,  and  no  great  error  would  have  been 
made  had  previous  investigators  used  the  rotation  of  the  normal 
solution  for  sodium  light  as  the  conversion  factor.  This  condition 
no  longer  holds  when  X  =-  5461 A  is  used  for  the  absolute  rotations. 
From  (13)  the  rotation  of  the  normal  solution  for  that  source, 
is  40^763,  and  from  (20)  40?690  for  the  plate.  The  rotation 
of  the  solution  is  thus  o?o73  larger  than  the  plate.  These  differ- 
ences being  of  opposite  sign  indicate  that  the  rotary  dispersion 
curves  of  the  normal  solution  and  normal  plate,  at  20^  C,  have  a 
point  in  common.  A  calculation  based  on  the  above  data  and 
using  the  ordinary  dispersion  formulae  for  quartz  and  sucrose 
fixes  the  crossing  point  at  approximately  X— 0.585  fx.  The  nor- 
mal quartz  plate  might  thus  be  defined  as  one  which  has  the  same 
rotation  in  circular  degrees  as  the  normal  sugar  solution  for 
X =0.585  /n.  We  do  not  consider  it  safe,  however,  to  lay  too 
much  stress  on  this  definition.  The  rotation  difference  of  o?oo3 
is  of  nearly  the  same  magnitude  as  the  experimental  error  of  the 
measurements.  The  question  of  the  actual  crossing  can  be  settled 
only  by  making  an  accurate  experimental  determination  of  the 
curves. 

9.  CALCULATED  DIFFERENCE  IN  SUGAR  DEGREES,  FOR  NORMAL  SOLU- 
TION»  BETWEEN  WHITS  LIGHT  WITH  BICHROMATE  FILTER  AND 
X>-5a92.5A 

Owing  to  the  difference  in  the  rotation  dispersion  curves  of 
sugar  and  quartz  it  is  obvious  that,  although  by  definition  the 
normal  solution  and  plate  both  read  100®  S  on  the  saccharimeter 
with  white  light  and  bichromate  filter,  they  may  not  have  the 
same  rotation  when  the  light  source  is  X  =  5892.5  A.  In  that 
event  the  setting  of  the  instrument  for  the  normal  solution  must 
be  changed  to  secure  a  match.  Prom  (14)  and  (19)  this  change 
amounts  to  —  o?oo3  or  using  (21)  —  o?oo9  S.  The  normal  solu- 
tion will  therefore  read  99^99  S  for  X  =  5892.5  A.  The  work  of 
previous  investigators  indicates  that  the  saccharimeter  reading 
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for  sodium  light  is  slightly  higher  than  100°  S.  Schonrock,** 
after  a  careful  experimental  determination,  gives  ioo?03  S  as  the 
reading  of  the  normal  solution  for  sodiiun  light. 

10.  ROTATION  DIFFERENCE,  IN  SUGAR  DEGREES,  FOR  NORMAL 
SOLUTION  BETWEEN  X»5461  A  AND  X»5892.5  A 

Owing  to  the  constantly  increasing  use  of  the  source  X  =  5461  A 
it  is  important  to  know  the  reading  of  the  normal  solution  on  the 
saccharimeter  with  this  source  as  compared  with  sodium  and 
white  light.  We  know  from  (14)  that  when  the  normal  solution 
is  read  in  the  saccharimeter  with  sodium  light  the  rotation  of  the 
plane  of  polarization  is  34?6i7.  This  value  is  therefore  the  nega- 
tive rotation  of  that  thickness  of  the  quartz  plate  which  compen- 
sates when  the  wedge  is  shifted  to  give  a  match.  If  the  source  is 
changed  to  X  =  5461  A  the  rotation  of  the  solution  is  40?  763  from 
(13),  and  that  of  the  plate,  using  (4),  is 


The  rotation  of  the  plate  is  now  o?078  less  than  that  of  the  solution. 
This  difference,  using  (24)  is  o?i92  S  and  the  thickness  of  the 
compensating  plate  must  be  increased  by  shifting  the  wedge  that 
amount.    We  have  therefore 

Saccharimeterreadmgx-546zA— saccharimeter  readingx-s89a.5A=  ,    ^ 
o?i9,S  (^6> 

Since  the  reading  of  the  normal  solution  for  X  =  5892.5  A  is  99?99  S 
the  reading  for  X  =  5461  A  is  100?  18  S. 

The  results  of  an  experimental  study  of  this  difference  is  given 
in  Table  1 5.  The  readings  were  taken  by  two  independent  observ- 
ers. The  sodium  and  mercury  light  sources  were  purified  spec- 
troscopically ;  and  the  apparatus  was  so  arranged  that  the  shift 
from  one  light  source  to  the  other  could  be  quickly  made.  The 
average  difference  obtained  was  o?i85  S.  This  value  is  in  agree- 
ment with  the  calculated  value  of  o?i92  S.  Schonrock  "  as  the 
result  of  an  experimental  determination  gives  o?ii7  S  for  the 
right-hand  member  of  (26);  whereas  by  calculation,  using  the 
ratios  for  sugar  and  quartz  for  the  two  wave  lengths,  he  obtains 
o?i88  S. 

"  Schonrock  Zs.  Ver.  Zttckerixid.,  M,  p.  553  (1904).  *>  Loc.  dt. 
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TABLB  15 
Roteti<m  Diffefence,  Normal  Solutioa,  for  Na  and  Hg  Sources 


SftcdMrliiMter  1 

a  14 

a25 

.19 

.22 

.11 

.25 

.17 

.19 

.11 

.23 

.16 

.18 

Av. .  15 

.22 

Onod  avwaft.  bodi  Moduriawton^  0.18». 
11.  THICKNESS  OF  THE  NORMAL  QUARTZ  PLATE 

Inasmuch  as  we  have  found  the  value  of  the  conversion  factor, 
in  the  rotation  of  the  normal  quartz  plate,  to  be  34?62o  for 
X  =  5892.5  A  and  40?690  for  X  =  5461  A,  the  old  value  of  i  .5958  mm 
for  the  thickness  of  the  normal  plate  is  no  longer  applicable. 
Gumlich  ■*  as  the  result  of  a  painstaking  investigation,  fotmd  the 
rotation  of  i  mm  of  quartz  for  X  =  5892.5  A,  the  light,  travelling 
parallel  to  the  optic  axis,  tobe2i?7i82±  0.0005  at  20®  C.  Re- 
cently Lowry  **  has  made  a  number  of  measurements  on  the  rota- 
tion of  quartz  and  finds  at  20°  C  2i?7283  per  mm  for  sodium 
light,  and  2s?S37i  per  mm  for  X  =  546i  A.  The  values  of  the 
thickness  of  the  normal  plate  calculated  from  the  above  data  are 
given  in  Table  16.  The  agreement  between  the  second  and  third 
values  in  column  4  is  very  satisfactory  in  view  of  the  fact  that  two 
independent  values  of  the  rotation  per  mm  are  used.  The  agree- 
ment between  Gumlich's  and  Lowry's  values  for  sodium  light  is 
not  satisfactory. 

TABLE  16 
Thickness  of  <he  Normal  Quartz  Plata  in  Millimeters 


Wave  Icncth  of  Ugbt  Moxoe 


Rotation  of  nonnol  ploto 


5892^1.. 
5892^  A.. 

5461.  A.. 


349620  (Batoo  *  Jackaon).. 
349620  (Bataa  *  Jackaon)., 
409690  (Batea  h  Jackaon). 


Rotation  of  1  mm  of 
quarts  at  20*  C;Uf|it 
paimllel  to  optic  asli 


3 


2197182  (OumUdi). 
2197283  (Lowiy).... 
2595371  (Lowiy).... 


Thkkneaa  of 
nonnal  plato 


1.5940 
1.5934 
L5934 


14  B.  Gumlich.  Wiss.  Abh.  der  Phytlkaliach-Techniadien  Reichaanstalt,  9,  p.  aoi  (1895):  Zo.  Inatik.. 
p.  97  (X896). 
*Lofwry,  Phil.  Tnns.»  SIS,  p.  aSS  (1910-13). 
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12.  THB  SPBCmC  ROTATION  OF  SUCROSE 

The  rotation  of  the  normal  solution  for  X=- 5892.5  A  is  34^617 
from  (14)  and  for  X- 5461 A  is  40?  763  from  (13).  Since  this 
solution  contains  26.016  g  of  sugar,  weighed  in  vacuo,  in  100  cc, 
at  20®  C,  we  have 

H_,iooX34-6x7,66?529 
-S49..5A  2X26.016  ^    ^  (27) 

and  

100x40.763.  8O342 

,,^,.A        2X26.016  "'^  (28) 


[«I 


Of  all  the  polarimetric  constants  relating  to  the  sugars  none 
have  received  the  thorough  study  by  numerous  investigators 
that  has  been  given  to  the  specific  rotation  of  sucrose.  The 
formulae  of  ToUens  ■•  and  of  Nasini  and  Villavecchia  '^  giving  the 
values  at  different  concentrations,  have  been  generally  accepted 
as  the  most  accurate.     Landolt"  has  combined  the  two  giving 


H 


a  I  —66.435 +0.00870  C- 0.00023  5  C  (C— oto65)        (29) 

where  C  is  the  number  of  grams  per  100  cc  of  solution. 
Taking  C«  26.016  we  obtain  from  (29) 


[«r 


=  66?502  (30) 

sSpa.S  A 


It  will  be  observed  that  this  value  agrees  fairly  well  with  that 
given  by  (27),  the  difference  being  o?o27.  However,  the  agree- 
ment is  not  as  good  as  it  should  be.  In  view  of  the  recent  refine- 
ments in  polarimetric  measurement,  we  are  of  the  opinion  that 
66?  5 29  is  very  nearly  correct  and  must  be  considered  as  more 
nearly  representing  the  true  value  of  the  specific  rotation  than 
66?  502.  It  is  interesting  to  note  that  the  formula  of  ToUens 
gives  the  value  66?5i8. 

The  value  66?529  is  obviously  of  about  the  same  order  of 
accuracy  as  the  new  conversion  factor  34?620  given  by  (19),  and 
the  identical  normal  solutions  were  used  in  the  determination  of 

••  Ber.,  10.  p.  Z403  (1877). 

"  Public  de  lab.  chim.  deUe  gabelle  Rome,  p.  47  (x89z). 

■  "  Das  optische  DrdiunssTcnndgeii,"  p.  4J0  (1898). 
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eaxih.  If  the  specific  rotation  be  calculated  from  the  Herzfeld- 
Schonrock  conversion  factor  34?657,  the  value  obtained,  when 
compared  with  66? 502  from  (30),  should  give  a  direct  check  on 
the  relative  accuracy  of  the  two  conversion  factors,  34?657  and 
34?62o.  Our  value  of  gg^Sg^  S  for  the  reading  of  the  normal 
solution  on  the  Herzf  eld-Schonrock  scale  will  thus  be  either  proved 
or  disproved. 

Schonrock*'  has  calculated  the  specific  rotation  by  using 
34?657.  Taking  that  value  and  his  saccharimeter  reading, 
ioo?03  S,  for  the  normal  solution,  for  X  =  5892.5  A,  he  finds  the 
rotation  of  the  normal  solution  to  be  34?667.  By  using  the  same 
method  as  that  indicated  for  (27) ,  he  obtains  66?627  for  the  specific 
rotation;  and  calls  attention  to  the  fact  that  it  is  about  o?i3  too 
large.  This  error  is  of  such  magnitude  that  even  with  no  addi- 
tional experimental  data  such  as  has  been  given  in  the  present 
paper,  it  is  evident  that  the  value  of  34?657  for  the  conversion 
factor,  is  too  high.  His  value  of  66?627  for  the  specific  rotation 
is  of  course  dependent  not  only  on  34?657,  but  also  on  ioo?03  S, 
and  it  is  possible  that  the  latter  is  in  error,  as  is  indicated  by  our 
corresponding  value  99?99  S.  In  order  to  eliminate  this  possi- 
bility, we  have  calculated  the  specific  rotation,  using  34?62o  and 
ioo?o3,  and  find  66?555  for  the  specific  rotation.  The  agree- 
ment between  66?555  and  the  accepted  value,  66?502,  is  much 
better  than  66?627  and  66?502.  The  discrepancy  must  be 
attributed  for  the  greater  part  to  the  fact  that  the  Herzfeld- 
Schonrock  conversion  factor  is  too  large.  We  therefore  consider 
that  the  value  99^895  S  for  the  reading  of  the  normal  solution  on 
the  Herzf  eld-Schonrock  scale  is  corroborated;  and  conclude  that 
the  available  auxiliary  data  establishes  the  accuracy  of  the  value 
34?620,  for  the  conversion  factor,  within  reasonable  limits. 

We  desire  to  take  this  opportimity  to  acknowledge  our  indebted- 
ness to  P.  P.  Phelps,  who  assisted  in  making  computations  and 
observations,  and  to  C.  F.  Snyder,  who  performed  many  of  the 
crystallizations. 

**  Z9.  Ver.  Zudcerind.,  64,  p.  553  (1904). 


/SdkLm]  Constants  of  the  Quartz-Wedge  Sacchanmeter  127 

V.  SUMMARY 

1.  Sucrose  has  been  purified  by  concentrating  aqueous  solu- 
tions in  vacuum  below  35**  C  and  crystallizing  while  in  motion. 
For  this  work  new  apparatus,  has  been  devised. 

2.  It  has  been  shown  that  reducing  sugars  are  eliminated  from 
the  crystals  by  the  above  method.  While  no  sample  was  found 
which  failed  to  give  a  precipitate  of  cuprous  oxide,  it  has  been 
shown  by  the  use  of  copper  solutions  of  varying  composition, 
and  by  a  study  of  the  reaction  velocities  of  sucrose  and  of  invert 
sugar,  that  sucrose  itself  was  the  cause  of  the  precipitation. 

3.  The  velocities  of  caramel  formation  at  various  temperatures 
have  been  determined;  and  the  permissible  time  of  heating 
plotted  as  a  function  of  temperature.  These  data  have  been 
applied  to  the  drying  operations. 

4.  It  has  been  shown  that  moisture  can  be  eliminated  from 
finely  divided  sugar  by  heating  in  a  vacuiun  to  50^  C  f or  a  few 
hours.  This  conclusion  has  been  verified  by  a  series  of  experi* 
ments  at  high  vacuiun  extending  over  a  long  period  of  time.  The 
absence  of  moisttue  has  been  shown  by  two  direct  qualitative 
tests. 

5.  A  quantity  of  sugar  has  been  fractionally  crystallized  and 
the  various  factions  found  to  be  identical  in  properties. 

6.  The  ratios  of  the  rotations  of  quartz  and  sugar  for  X  »  5461  A 
and  X«=  5892.5  A  have  been  determined.     For  quartz 


and  for  sugar 


^^^-0.85085; 


9X-S46x  A 


7.  The  reading  of  the  normal  sugar  solution  on  the  Herzfeld- 
Schonrock  scale  has  been  shown  to  be  99?895  S. 

8.  The  absolute  rotation  of  the  normal  sugar  solution  has  been 
determined  with  the  following  results: 

Normal  sugar  solution  =100^  =34?6i7  (X«  5892.5  A)  at  20°  C 
Normal  sugar  solution  =  100°  =40?  763  (X  =  546i  A)  at  20^  C 
41410*— 16 — 8 
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9.  The  conversion  factor  has  been  detennined  for  two  mono- 
chromatic sources  with  the  following  results : 

Normal  quartz  plate  «ioo°  S  «34?620  (X=«  5892.5  A)  at  2o®C 

2?8885S  =  i''  (X« 5892.5  A) 
Normal  quartz  plate  =100°  S  «40?690  (X  =  546i  A)  at  20®  C 

2?4576S  «i^(X«546i  A) 

ID.  The  difference  between  the  rotations  of  the  normal  quartz 
plate  and  the  normal  solution  for  X»  5892.5  A,  has  been  found 
to  be  o?oo3,  and  for  X  =  546i  A,  o?o73.  These  values  indicate 
that  the  rotary  dispersion  curves  of  plate  and  solution  cross  at 
about  X«o.585M.  The  reading  of  the  normal  solution  on  the  true 
saccharimeter  scale  with  the  source  X"  5892.5  A,  has  been  calcu- 
lated to  be  99?99  S. 

1 1 .  The  difference  in  rotation  in  sugar  degrees,  for  the  normal 
solution  on  the  saccharimeter,  for  the  sources  X»546i  A  and 
X  »  5892.5  A,  has  been  calculated  from  the  absolute  rotations,  with 
the  following  result: 

Saccharimeter  reading  (X-546XA)  —Saccharimeter  reading  (x-589a.sA) 
«o?i9,S. 

An  independent  experimental  determination  has  been  made  of 
this  difference  and  the  value  o?i85  obtained. 

12.  The  thickness  of  the  normal  quartz  plate  has  been  calcu- 
lated and  the  values  1.5934  mm  and  1.5940  mm  obtained. 

13.  The  specific  rotations  of  sugar  for  the  normal  solution  for 
X  =  5892.5  A  and  X  =  546i  A  have  been  calculated  from  the  abso- 
lute rotations  with  the  following  results : 


I U- 


-  66?529 

5899.5  A 


-78?342 

5461  A 


14.  The  agreement  between  the  accepted  value,  66^502,  for 
the  specific  rotaticai  and  66?529,  in  contrast  to  the  disagreement 
between  66? 502  and  the  specific  rotation  66^627  from  the  Herz- 
fdd-Schonrock  conversion  factor,  has  been  shown  to  corroborate 
the  new  value,  34^620  (X  =  5892.5  A),  for  the  conversion  factor. 

Washington,  September  30,  191 5. 


EFFECT  OF  IMPERFECT  DIELECTRICS  IN  THE  HELD  OF 

A  RADIOTELEGRAPHIC  ANTENNA 


By  John  M.  MiIIer»  Assistant  Physicist 


Measurements  by  Fischer  *  and  Austin  *  have  shown  that  the 
curve  which  represents  the  variation  of  the  resistance  of  an  an- 
tenna with  the  wave  length  of  the  oscillation  has  two  character- 
istic features.  Starting  from  the  wave  length  corresponding  to 
the  fimdamental  of  the  antenna,  the  equivalent  resistance  of  the 
antenna  rapidly  decreases  with  increasing  wave  length,  and 
reaches  a  minimum.  As  the  wave  length  is  still  fmther  increased, 
the  resistance  rises  again,  but  in  a  linear  manner  (Fig.  2,  J3).  The 
decrease  in  resistance  is  explained  by  a  decrease  in  the  energy 
radiated  in  the  form  of  electromagnetic  waves  as  the  wave  length 
increases.  This  so-called  radiation  resistance  varies,  as  it  should, 
inversely  as  the  square  of  the  wave  length.  It  has  been  difficult, 
however,  to  account  for  the  linear  increase  which  takes  place  at  the 
longer  wave  lengths,  and  it  is  with  the  explanation  of  this  feature 
that  the  present  paper  is  concerned. 

A  recent  paper  by  Austin  •  pointed  out  the  similarity  in  the 
linear  increase  in  resistance  of  an  antenna  at  long  wave  lengths 
with  the  behavior  of  an  absorbing  condenser.  He  noticed  that  the 
resistance  cm^e  obtained  for  an  antenna  was  similar  to  that  repre- 
senting the  equivalent  series  resistance  of  a  glass  condenser  *  and 

>  C.  Pisdier,  Thys.  Za.,  IS,  p.  ags:  19x1. 

*  L.  W.  Anstin,  J.  of  Wash.  Acad.,  1,  p.  9, 19x1;  Phys.  Zs.,  IS.  p.  924,  X9xx;  this  Bulletin,  9,  p.  65,  X9xa 
(Sdentific  Paper  No.  189);  Jalirb.  d.  drahtl.  Tel..  6,  p.  574;  X9ix-xa. 

•  L.  W.  Austiii.  this  Bulletin.  IS,  p.  465. 19x5  (Scientific  Paper  No.  957);  Jahrb.  d.  diahtl.  Tel..  9,  p.  498, 

1915. 

^  In  a  perfect  condenser,  or  one  which  shows  no  energy  loss,  the  phase  of  the  current  (/)  is  90*  in  advance 
of  the  electromotive  force  (£).  In  an  impetf ect  condenser  the  power  loss,  however  caused ,  is  given  by  IE 
an  9,  where  9  is  the  phase  difference  or  the  angle  by  which  the  current  lags  from  <xuadxature.  An  equiva- 
lent power  loss  is  occasioned  by  a  resistance  (p)  in  series  with  a  perfect  condenser  when  this  equivalent 
resistance  satisfies  the  relatian  tan  B^Cpp  where  C  is  the  capacity  and  ^— ar  times  the  frequency.  It  is 
characteristic  of  a  condenser  with  an  absorbing  dielectric  that  the  phase  difference  9  is,  roughly,  independ- 
ent of  the  frequency,  and  hence  the  equivalent  resistance  must  vary  inversely  as  the  frequency  or  directly 
as  the  wave  length. 
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hence  concluded  that  dielectric  absorption  was  a  probable  explana- 
tion of  the  phenomenon.  The  fact  that  in  the  curves  which  he  had 
obtained  for  ship  stations  the  rise  in  resistance  was  less  marked 
than  for  land  stations  led  him  to  believe  that  the  absorption  was 
probably  caused  by  the  grotmd  acting  as  an  imperfect  dielectric. 
Further  confirmation  of  this  view  was  apparently  afforded  by  the 
curve  for  the  high-power  station  at  Arlington,  Va.  This  station 
has  a  very  good  earth  connection  consisting  of  an  extensive  me- 
tallic earth  net  just  below  the  surface  of  the  ground.  The  resist- 
ance ciu^e  for  this  antenna,  with  the  steel  towers  earthed,  showed 
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Fig.  X. — Equivalent  resistance  of  an  anUnna  at  telephone  frequencies 
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only  a  slight  increase  in  resistance  for  the  longer  waves.  Austin 
stated  that  if  we  consider  the  groimd  as  a  dielectric  rather  than  a 
conductor  and  consider  it  as  a  portion  of  the  total  dielectric  lying 
between  the  antenna  regarded  as  the  upper  plate  of  a  condenser, 
and  the  ground  water  regarded  as  the  lower  plate,  we  reach  a  very 
probable  explanation  of  many  antenna  resistance  curves.  The 
measurements  described  in  this  paper  verify  Austin's  hypothesis 
that  the  effect  is  caused  by  dielectric  absorption,  but  do  not  con- 
firm the  supposition  that  the  absorbing  dielectric  in  question  is  the 
ground.     Fig.  i  shows  the  values  of  the  equivalent  resistance  ob- 
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tained  at  telephone  frequencies  for  a  small  flat  top  antenna  at  the 
Bureau  of  Standards.  This  antenna  nms  from  a  building  to  a  tree 
and  has  a  capacity  of  650  micro-microfarads  (0.00065  microfarad) . 
The  measurements  were  made  at  wave  lengths  varying  from  100  000 
to  750  000  meters,  the  equivalent  resistance  increasing  linearly 
from  1000  to  9000  ohms.  This  is  the  order  of  magnitude  which 
would  be  expected  from  Austin's  measurements  at  wireless  fre- 
quencies upon  an  antenna  for  which  the  rise  in  resistance  was  par- 
ticularly taarked. 

It  seemed  impossible,  however,  to  ascribe  this  absorption  to 
the  ground  acting  as  an  imperfect  dielectric.  The  eflFect  persisted 
at  telephone  frequencies  while  the  calculations  of  True  *  and 
Reich,*  based  upon  the  measurements  of  conductivity  and  dielec- 
tric constant  of  the  ground  as  given  by  Zenneck  ^  show  that  even 
for  so  high  a  frequency  as  would  correspond  to  a  wave  length  of 
1000  meters  the  magnitude  of  the  conduction  current  in  the 
ground  exceeds  by  a  hundred  times  that  of  the  displacement  cur- 
rent. The  absence  of  absorption  in  the  groimd  was  also  shown  by 
measurements  at  telephone  frequencies  upon  a  guard  plate  con- 
denser with  part  air  and  part  clay  between  the  plates.  This  con- 
denser behaved  as  a  perfect  condenser  with  a  series  resistance  that 
was  independent  of  the  frequency.  Only  when  the  clay  was 
exceedingly  dry  and  particularly  when  it  was  loosely  packed  was 
there  any  indication  of  absorption. 

The  observed  large  effect  upon  the  absorption  of  variable  air 
condensers  brought  about  by  the  poor  dielectric  properties  of 
small  amounts  of  insulators  in  the  electric  field  suggested  to  the 
author  that  the  absorption  in  antennas  is  likewise  caused  by  the 
presence  of  poor  dielectrics  in  the  field  of  the  antenna.  Accord- 
ingly, an  experimental  antenna  was  built  in  which  the  bad  effects 
of  poor  dielectrics  in  the  neighborhood  were  carefully  avoided  but 
in  which  any  absorption  that  might  be  caused  by  the  ground  would 
be  considerably  magnified.  The  main  capacity  of  the  antenna 
consisted  of  six  parallel  wires  at  a  distance  of  about  0.3  of  a  meter 
above  the  surface  of  the  ground  and  located  at  a  considerable  dis- 
tance from  the  nearest  building  or  tree.  The  antenna  was  sup- 
ported by  four  wooden  posts,  but  was  insulated  from  them  by 

*  H.  Trae.  Jahrb.  d.  drahtl.  Tel..  6,  p.  zas;  191X-X3. 

*M.  Reich,  Jahrb.  d.  drahtl.  Td..  5,  i>p.  276,  253;  X9ii>xa. 

'  J.  Zcnnedc,  Ann.  d.  Phys.,  SS,  p.  859;  X907. 
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double  porcelain  insulators  spaced- about  a  meter  apart.  A  single 
lead,  similarly  insulated,  ran  to  the  building  in  which  the  meas- 
urements were  made.  The  earth  connection  was  made  to  the 
water  pipes  of  the  building.  The  proximity  of  the  antenna  wires  to 
the  ground  should  reduce  the  lateral  spread  of  the  electrostatic 
field  and  hence  the  displacement  through  the  wooden  posts  or 
other  poor  dielectrics,  while  the  amount  of  grotmd  between  the 
antenna  wires  and  ground  water  would  be  proportionately  in- 
creased.   The  double-spaced  insulators  also  served  to  reduce  the 
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Fig.  3. — i4,  Resistance  curve  for  antenna  with  extremely  small  absorption;  B,  effect  of 
adding  small  imperfect  capacity  through  the  wooden  supports 

capacity  throttgh  the  supports.     The  capacity  of  the  antenna  was 
850  micro-microfarads. 

The  resistance  measurements  were  made  by  the  ''artificial 
antenna"  method  in  which  a  small  inductance  and  a  condenser 
with  a  resistance  in  series  are  substituted  for  the  antenna.  The 
series  resistance  is  so  adjusted  as  to  give  the  same  current  effect 
when  the  substitution  is  made.  The  resulting  resistance  curve,  for 
measurements  made  just  within  the  window  of  the  building,  is 
shown  in  curve  A  of  Fig.  2.  The  rise  in  resistance  even  at  12  000 
ineters  is  very  small  and  probably  caused  by  the  lead  wire  to  the 
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building.  The  result  was  also  verified  at  telephone  frequencies 
where  the  absorption  was  barely  detectable  (less  than  60  ohms  at 
3000  cycles) . 

Curve  B  of  the  same  figure  shows  the  effect  produced  by  adding 
a  small  capacity  through  the  wooden  supports.  Wires  were  run 
from  the  insulated  portion  of  the  antenna  to  porcelain  insulators 
on  three  of  the  stakes,  the  total  capacity  being  increased  by  only 
40  micro-microfarads  or  less  than  5  per  cent.  The  effect  of 
adding  this  small  imperfect  condenser  is  very  marked.    The 
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FiG.  3. — C,  Absorption  effect  produced  by  the  portion  of  the  leads  to  an  antenna  inside 

of  a  building 

linear  increase  in  resistance  becomes  pronounced,  and  brings  with 
it  an  increase  in  the  resistance  of  the  antenna  at  all  wave  lengths. 
Austin's  measurements  upon  ship  stations  were  made  upon  battle- 
ships,  where  the  antennas  were  supported  from  steel  masts,  and  it 
is  probable  that  this  fact  may  explain  the  slight  rise  of  the  curves 
obtained  for  such  stations. 

The  effect  of  nmning  the  lead  wires  to  an  antenna  inside  of  a 
building  was  also  investigated.  Curve  C  of  Fig.  3  shows  the 
results  upon  the  above  described  antenna  under  the  same  condi- 
tions as  those  obtaining  for  curve  A  of  Pig.  2  (reproduced  in  dash 
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lines  in  Pig.  3),  excepting  that  the  measurements  were  made 
within  the  room  at  a  distance  of  about  5  meters  h-om  the 
window.  The  increase  in  capacity  in  this  case  was  60  micro- 
microfarads.  Curves  D  and  E  of  Fig.  4  were  obtained  for  antennas 
completely  within  the  building  (using  the  same  water-pipe  ground 
as  before),  the  former  having  a  capacity  of  290  micn>microfarads, 
the  latter  having  double  the  capacity.  In  this  figure  the  scale  of 
resistances  has  been  doubled.  It  is  of  interest  to  note  that  the 
equivalent  series  resistance  in  the  case  of  the  smaller  capacity 


Mm  Unff/i.  Matan. 
PlO.  ^. — RttUtana  curvtt  for   anttKtias  cotnplttely  viithiti  a  building.     Th*  capacity 
for  E  is  twice  that  for  D 

is  approximately  double  that  for  the  capacity  of  twice  the  size, 
which  is  the  requisite  condition  for  absorbing  condensers  with  the 
same  phase  difference.  Measurements,  at  telephone  frequencies, 
were  also  made  upon  an  antenna  consisting  of  three  wires  stretched 
vertically  along  the  outside  of  a  brick  building  at  a  distance  of  0.4 
of  a  meter  from  the  wall.  The  phase  difference  of  the  condenser 
was  about  15  minutes,  corresponding  to  an  equivalent  resistance 
of  about  25  ohnK  at  lo  000  meters  for  a  capacity  of  800  micro- 
microfarads.  The  phase  difference  is  about  the  same  as  that 
obtfuned  in  the  case  of  antennas  within  the  building. 
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Finally  the  effect  of  a  tree  upon  the  absoq)tion  of  an  antenna 
was  investigated.  An  antenna  consisting  of  two  parallel  wires 
was  strung  from  a  building  to  a  tree  20  meters  distant  at  an  aver- 
age height  of  about  5  meters  from  the  ground.  The  antenna 
terminated  in  a  section  of  about  6  meters  of  wire  which  ran  from 
limb  to  limb  of  the  tree,  but  was  insulated  from  it  by  porcelain 
insulators.  At  a  distance  of  about  2  meters  from  the  tree  double 
porcelain  insulators  were  interposed  in  each  antenna  wire,  so  that 
measurements  could  be  made  with  the  section  in  the  tree  included 


0  2000  4000 

yi^ve  Lert^th.  Meters. 


6000 


6000 


toooo 


tiOOO 


14000 


Fig.  5. — Curve  G  shows  the  enormous  absorption  caused  by  a  tree.    Curve  F  is  the 

same  antenna  with  portion  in  tree  excluded 

or  excluded  (using  the  same  water-pipe  ground  as  before) .  Curve 
F  of  Fig.  5  was  obtained  for  the  latter  case,  while  curve  G  shows  the 
enormous  absorption  produced  by  including  the  portion  of  the 
antenna  in  the  tree.  The  capacity  was  increased  from  390  to 
540  micro-microfarads,  and  the  phase  difference  of  the  condenser 
with  the  portion  in  the  tree  included  was  roughly  2®.  The  meas- 
urements were  made  this  winter  when  the  tree  was  free  from  foliage. 
From  the  above  it  is  evident  that  in  the  design  of  an  antenna  it 
is  a  matter  of  importance  to  keep  the  dielectric  absorption  of  the 
anteima,  regarded  as  a  condenser,  as  low  as  possible  in  order  to  min- 
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imize  the  waste  of  energy  in  the  antenna  and  so  improve  its  efficiency 
as  a  radiator.  There  is  a  possibility  of  greatly  improving  upon  the 
design  of  existing  antennas  in  this  respect.  The  requirement  is 
that  the  capacity  through  wooden  masts,  trees,  buildings,  insu- 
lators, etc.,  must  be  made  extremely  small  in  comparison  to  the 
capacity  of  the  antenna  through  tmobstructed  air.  In  other 
words,  the  electrostatic  field  of  force  set  up  by  the  oscillating 
electric  charges  should  not  be  occupied  by  imperfect  dielectrics, 
and  especially  so  where  the  electric  force  is  intense.  One  impor- 
tant feature  of  design  is  to  cover  the  interior  walls  of  rooms  into 
which  the  leads  to  the  antenna  run  with  grotmded  metal  screens. 

SUMMARY 

The  characteristic  linear  increase  in  resistance  of  radiotele- 
graphic  antennas  with  increasing  wave  length  (which  predomi- 
nates at  the  longer  wave  lengths  over  the  decrease  due  to  decreased 
radiation)  is  shown  to  be  caused  by  dielectric  absorption  in  imper- 
fect dielectrics  in  the  electric  field  of  the  antenna,  as  suggested  by 
Austin. 

It  is  shown,  however,  by  meastu-ements  both  at  wireless  and 
telephone  frequencies  that  the  absorption  does  not  take  place  in 
the  grotmd,  but  in  poor  dielectrics  such  as  wooden  masts,  trees, 
buildings,  insulation  with  poor  dielectric  properties,  etc.,  in  the 
field  of  the  antenna,  the  effect  being  also  produced  when  the  leads 
to  an  anteima  are  brought  within  a  building. 

The  practical  importance  of  considering  this  dielectric  absorp- 
tion in  the  design  of  antennas  is  pointed  out  in  order  to  increase  the 
efficiency  of  the  antenna  as  a  radiator  of  electric  energy. 

In  conclusion,  the  author  desires  to  express  his  indebtedness 
to  M.  James,  of  this  Btu-eau,  who  first  suggested  and  carried  out 
absorption  meastu-ements  upon  an  antenna  at  telephone  frequen- 
cies, and  to  Dr.  Rosa,  who  was  in  charge  of  this  investigation,  for 
his  many  valuable  suggestions  during  the  course  of  the  work. 

Washington,  January  7,  191 6. 


LUMINOSITY  OF  A  BLACK  BODY  AND  TEMPERATURE 


By  Paul  D.  Fcx)te  and  C.  O.  Faiichikl 


The  relation  between  luminosity  and  temperature  has  been 
studied  quite  extensively  by  many  investigators,  especially  Dr. 
Ives  and  Dr.  Nutting.  Recently  an  interest  has  arisen  in  the 
subject  from  the  standpoint  of  pyrometry.  With  the  relation 
between  luminosity  and  temperature  established,  a  pyrometer 
may  be  devised  for  the  measurement  of  temperatiu-e  by  means  of 
observations  upon  the  luminosity  of  a  source,  more  especially  a 
black  body. 

Two  equations  have  been  deduced  representing  this  relation, 
one  by  Rasch  and  the  other  by  Nutting.  In  the  present  paper 
these  equations  are  derived  by  a  new  method,  and  a  new  equation 
also  is  obtained,  which,  however,  is  not  essentially  different  from 
that  derived  by  Nutting. 

Luminosity  is  defined  as  the  integral  from  o  to  oo  in  respect  to 
dK  of  the  product  visibility,  V,  and  energy,  /,  of  the  radiating 
source  thus 

(i)  L^TvjdK 

where  V-/(X) 

.     y = Ci  X-'e-*^  -  Wien's  law. 

The  effective  wave  length,  Xl,  of  the  luminosity  has  been 
defined  analytically  by  one  of  the  writers  *  in  the  following  manner: 

f  VJdK 
(2)  Xl»-^^ 

A 


t/3 

X 


The  physical  significance  of  this  so-called  effective  wave  length 
as  far  as  optical  pyrometry  is  concerned  has  been  discussed  else- 

>  Poote,  J.,  Waah.  Acad.  Sea.,  ft,  p.  536;  19x5.    Complete  paper,  this  Bulletin,  18,  p.  483. 19x6.    See  also 
Hyde.  Cady.  and  Ponythe,  Phys.  Rev.,  6,  p.  70, 19x5;  Astrophys.  J.,  4S,  pp.  394-304;  19x5. 
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where.     But  regarding  equation  (2)  for  the  time  being  as  simply 
a  numerical  relationship,  the  following  expression  is  true: 


!i  J^ 


^}-iK 


IxS  ^  ^^^  ^       ^    Jo     X  Ca   Jl_ 

Suppose  that  equation  (2)  is  of  the  form: 

(4)  XL  =  a  +  6/ff+c/^+ 

where  a,  6,  c,  etc.,  are  dimensional  constants. 

Accordingly,  if  Xl  is  expressed  as  a  known  function  of  0,  this 
function  may  be  substituted  in  (3),  integrated,  and  L^f{ff) 
obtained. 

The  quantity  Xl  is  the  value  of  the  X  —  coordinate  of  the  center  of 

gravity  of  thecurve'—- versus  X,  not  of  the  luminosity  cxurve,  as  some- 
times assumed.  In  the  present  work  values  of  Xl  for  tempera- 
tiu'es  ranging  from  1000  to  7000®  absolute  were  obtained  directly 

JV 
from  the  ^  versus  X  curves  by  means  of  the  Amsler  Integrator 

No.  I ;  the  values  of  /  for  various  wave  lengths  were  computed 
from  Wien's  law,  using  c,  =  14450  micron  degrees,^  and  the  values 
of  V=/(X)  were  obtained  as  a  mean  of  data  by  Ives,*  Nutting,* 
and  Hyde  and  Forsjrthe.'  No  experimental  observations  are 
included  in  the  present  paper,  the  primary  object  of  which  has 
been  to  point  out  a  simple  method  of  deriving  the  luminosity- 
temperature  relations  and  to  consider  their  applicability  to  tem- 
perature measiu'ement. 
The  possible  forms  of  the  luminosity  equation  are  as  follows : 

Case  I,  Xl »a,  i.  e.,  the  constants  6,  c,  etc.,  of  equation  (4)  are  zero. 

Substituting  in  (3)  and  integrating: 

(5)  log  L  =  -  ^-y + const. 

This  is  the  well-known  Rasch  •  equation  which  has  been  recently 
applied  by  Langmuir  ^  for  the  determination  of  the  melting  point 
of  tungsten.  The  value  of  XL  =  a  is  known  as  the  Crova  wave 
length  because  Crova  *  first  pointed  out  that  there  exists  a  wave 

*  Cobkntz.  this  Bulletin.  10,  pp.  x-77;  19x4.  *  Rasch,  Ann.  Phys..  14,  p.  193;  X904< 

*  Ives,  Phil.  Mas.,  December;  19x3.  *  Laasmttir,  Phys.  Rev.  (2),  6,  p.  X38;  19x5. 

*  Nutting.  Phil.  Mag.,  29,  p.  306;  19x5.  *  Crova,  Compt.  rend.,  M,  p.  5x3;  x88x. 

*  Hyde  and  Porsythe,  Phys.  Rev.,  6^  p.  70;  19x5. 
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length  in  the  spectral  energy  curves  of  two  sources  at  which  the 
ratio  of  the  radiation  intensities  equals  the  ratio  of  their  total 
luminosities.  This  wave  length  has  generally  been  considered  to 
be  XL  =  a«o.58/i.  Ives  •  and  Pirani "  showed,  however,  that  the 
value  is  not  constant  if  the  radiation  from  black  bodies  at  various 
temperattu-es  is  compared,  the  wave  length  shifting  slightly  toward 
the  green  as  the  temperatures  of  the  sotu"ces  increase.     Equation 

(5)  may  be  written  as  follows: 

(6)  L^Ae-^i"^^ 
Case  II,  \h^a  +  b/e 

Substituting  in  (3)  and  integrating : 


(7)  ^-^(1+^) 


where  B  = — andC  =  ^' 
a  b 


This  is  the  equation  derived  by  Nutting  "  by  obtaining  a  mathe- 
matical expression  for  V  ^f{9)  and  substituting  in  equation  (i) 
and  integrating. 

Case  III,  XL-a+6/e+c/e» 

whence  from  equation  (3) 

(8)  L-a(§±-J)^  where 

„  b — yy — 4  oc 


2  a 


^^6-h  Vfc*  — 4  ac 


2  a 

-V&*  — 4  ac 

Case  III,  and  in  general  Case  II,  are  sufiiciently  accurate  for  repre- 
senting the  Ituninosity  of  a  black  body  at  various  temperattu-es 
from  1000  to  7000®  absolute.  Table  i  and  Fig.  i  show  the  varia- 
tion of  Xl  with  8.  For  comparison,  the  values  of  the  wave  length 
corresponding  to  the  centers  of  gravity  of  the  luminosity  etudes 
are  also  shown.  The  difference  between  these  wave  lengths, 
Xo„  ai^d  the  true  "  effective  "  wave  le^igths  is  sUght — about  0.003/11. 

*  Ives,  Phys.  Rer.,  S2,  p.  316;  19x1.     See  also  Ives  and  Kinssbory,  Washin<toa  xneetinff  of  111.  Bag. 
Soc.;  19x5. 
»•  Pirani,  Verb.  d.  Phys.  Ges.,  p.  2x9;  19x5. 
u  Nutting,  thif  Bulletin.  &,  p.  306;  19x5.    Also  Phil.  Mag.,  99,  p.  306;  19x5. 
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Using  the  data  for  Xl  in  Table  i ,  the  following  are  the  luminosity 
equations : 

Case  I.      Xl  — a— mean  of  all  values  of  Xl— 0.5663 

—36617 

L  —  3070oe"T~'  (relative  imits) 

60  7^2 

Case  II.    Xl  —  .5421  +       '^    (least  square  solution) 

.  /i 28.63  .    V*""^  /    W  V  X 

L  -  37400  f  — g-^  + 1  I  (relative  umts) 

Case  III.  Xl  —  .53915  H ^p-^  — ^^i—  (least  square  solution) 

^  "  37790  \JT^^)        (relative  umts) 
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FtG.  z. — Effective  wave  length  and  **  center  of  gravity  **  as  a  function  of  the  temperature 

Table  i  contains  the  computations  of  Itiminosities  by  these 
three  equations.  The  equation  represented  by  Case  III  fits  the 
luminosity-temperature  curve  (computed  on  the  basis  of  Ives', 
Nutting's,  and  Hyde  and  Fors3rthe's  visibility  data)  with  no 
deviations  larger  than  the  errors  involved  in  the  determination 
of  L  by  the  planimeter.  Th^  Nutting  equation  holds  almost  as 
accurately,  but  the  Rasch  equation  is  entirely  imsatisfactory.  In 
the  table  the  Rasch  equation  has  been  arbitrarily  made  to  agree 
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with  the  observed  Itiminosity  at  3000^  absolute,  since  the  mean 
value  of  the  Crova  wave  length  from  1000  to  7000®  is  the  Crova 
wave  length  at  this  temperature.  When  thus  adjusted  the 
equation  is  in  error  by  nearly  50  per  cent  at  1000®  absolute. 

Application  of  the  above  equations  to  the  measurement  of 
temperature : 

Either  the  Nutting  formula  or  the  equation  represented  by 
Case  III  is  applicable  to  temperatine  meastu-ement  of  a  black 
body.  The  Rasch  formula  should  not  be  used.  As  an  example 
of  the  errors,  expressed  in  temperatiu^,  which  may  be  expected 
from  the  use  of  this  latter  equation,  suppose  the  luminosity 
pyrometer  were  calibrated  at  3000^  absolute : 


Ttv9 

Ohmrfd$ 

Smr* 

dOflMS 

1000 
3000 

7000 

1027 
3000 

7125 

r 
0 

125 

If  the  pyrometer  were  calibrated  at  about  1000®  absolute,  then: 


True? 

Obsenwde 

Bmr, 

degiMt 

1000 
3000 

7000 

1000 
3227 
9800 

0 

227 

2800 

Data  on  the  luminosity-temperature  relation  of  a  black  body 
are  so  meager  and  unsatisfactory  that  as  yet  it  does  not  appear 
advisable  to  assign  absolute  values  to  the  constants  A  in  formulas 
7  and  8.  A  cursory  summary  of  experimental  determinations  by 
various  observers  is  given  in  Table  2.  Many  of  these  data  are 
old  and  based  on  incorrect  temperattire  scales.  Expressing  the 
luminosity  in  candles/cm*  they  give  a  numerical  value  of  A  in 
equation  (8)  ,  Case  III,  as  follows: 

A  =2.oXIO^ 
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TABLE  2 


Tanytmtara,  dacvMS  abwlato 

CaadlM/CBis 

AvHiiflly 

Cuo& 

1449 

0.38 

2.0 

5.8 

82. 

0.34 

2.17 

4.8 

1089. 

39. 

1(2. 

249. 

47. 

73. 

90. 

100. 

101. 

79. 

86. 

202. 

225. 

40. 

127. 

LvmflMf  woA  PiliictlMiflEi 

do 

1.70 

1597 

1.87 

17(17 

do 

2.00 

1028,. 

Nenrt 

2.82 

1462 

do 

1.31 

1506 

do 

2.05 

IMS 

■  •  ■  aOO* •••«•■•«••■•■•••■>•«■■*«•*«•■•• 

1.87 

2(23  ,,, 

do 

2.24 

2027. X 

do 

2.04 

2182 

do 

2.33 

2290 

do 

2.05 

8013 

do 

1.77 

8877 

do 

1.88 

1007 

do 

2.06 

2101 

do 

2.25 

aoi 

do 

2.26 

2104 

do 

1.74 

2107 

do 

1.86 

do 

2.10 

2284... 

do 

1.93 

Pinnl 

2.30 

2130 

do 

2.17 

ICetn  A— 

a.oxio* 

Langmuir^*  applied  the  Rasch  equation,  with  constants 
determined  by  Nemst,  for  the  determination  of  the  melting  point 
of  ttmgsten.  This  immediately  raises  the  question  cited  by 
Langmuir  as  to  whether  any  luminosity  equation  derived  for  a 
black  body  is  applicable  to  nonblack  bodies.  If  the  nonblack 
body  is  gray  and  if  the  emissivity  is  constant  with  temperattu^, 
the  equations  are  directly  applicable  either  for  obtaining  the 
apparent  blackbody  temperature  or,  after  correcting  the  lumi- 
nosity by  I  IE  where  £  =  emissivity  coefficient,  they  are  applicable 
for  obtaining  the  true  temperature.  The  best  data  upon  this 
question  appear  in  a  recent  paper  by  Paterson  and  Budding," 
who  conclude  that  for  all  practical  purposes  many  nonblack 
materials  are  gray.  Their  observations  upon  the  melting  point 
of  platinum  by  color  match  with  a  black  body  confirm  this  con- 
clusion. However,  if  nonblack  materials  are  not  gray  to  all 
practical  purposes  and  if  metals  do  possess  a  temperature  coeffi- 
cient of  emissivity  in  the  visible  spectrum,  it  would  still  be  possible 
to  represent  the  luminosity  by  an  equation  of  the  form  of  equa- 
ls irfttigniQlr,  Ffays.  Rev.  (a),  6,  p.  138;  19x5. 
u  Fotcnoii  and  Dodding,  Proc.  Phirs.  Soc.  I<oiid..  S7,  p.  930;  19x5.    Abo  PhU.  Mag.;  19x5. 
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tion  (8) ,  although  the  constants  would  differ  from  those  obtained 
for  a  black  body.  Making  Langmuir's  assumption  that  the 
luminosity  equation  for  a  black  body  is  directly  applicable  to 
tungsten,  and  that  the  observed  luminosity,  6994  candles/cm', 
can  be  corrected  to  correspond  with  a  black  body  by  the  factor 
i/E=i/.5i  and  using,  instead  of  the  Rasch  equation,  the  equa- 
tion given  imder  Case  III,  where  A  —  2.0X  10^,  the  melting  point 
of  tungsten  would  be  3602**  absolute.  In  Langmuir's  "  paper, 
page  139,  is  given  the  Rasch  equation  with  the  constants  deter- 
mined by  Nemst,  when  the  temperature  is  based  on  the  melting 
point  of  gold  =  1064^  C.  If  the  equation  there  cited  is  supposed 
to  hold  at  this  temperature  and  this  supposition  is  warranted 
from  Nemst's  paper,"  the  Itmiinosity  at  the  melting  point  of 
gold  is  .08361  candles/cm*.  Taking  the  correct  temperature  at 
the  melting  point  of  gold  as  1063^  C  the  constant  A  of  equation 
(8)  becomes  1.553-10^.  This  leads  on  the  basis  of  Langmuir's 
data  to  a  value  of  &  — 3734®  absolute  for  the  melting  point  of 
tungsten.  The  value  obtained  by  Langmuir  is  3528^  absolute. 
It  is  more  than  likely  that  the  value  3528  is  nearer  correct  than 
3734,  but  three  things  must  be  done  before  any  value  obtained 
by  a  Ituninosity  method  is  accepted:  (i)  The  Rasch  equation 
must  be  discarded;  (2)  the  luminosity  of  a  black  body  at  a  known 
temperature  must  be  determined  acctu-ately;  and  (3)  further 
proof  is  required  that  the  constants  determined  in  the  luminosity- 
temperattu-e  relation  for  a  black  body  apply  even  approximately 
for  a  nonblack  body. 

Note  on  the  maximtun  luminous  efficiency  of  a  black  body: 
The  highest  luminous  efficiency  which  a  black  body  can  possess 
occurs  at  a  temper  attire  such  that: 


CjdX  "const.  x»* 


maximtun. 


Substituting  L  from  equation  (8)  and  evaluating  one  obtains 
0maz  =  6547^  absolute.  Another  means  for  obtaining  0max  is  by 
evaluating  the  terms  on  the  left  of  the  above  equation.  The 
following  relation  is  then  obtained: 

If  one  plots  the  product  4  X  effective  wave  length  X  absolute 
temperature  versus  0,  the  value  of  0  corresponding  to  4XLff==c, 

><  Loc  dt.  »  Fhyf.  Zt.,  7,  p.  38a:  1906. 
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is  the  temperature  of  the  highest  luminous  efficiency  whatever  be 
the  luminosity-temperature  relation. 

SUMMARY 

The  relation  between  luminosity  of  a  black  body  and  tempera- 
ture has  been  derived  by  a  new  method.  The  Rasch  equation  is 
shown  to  be  unsatisfactory,  while  the  Nutting  equation  or  a  slight 
modification  of  the  Nutting  equation  holds  exceedingly  well.  The 
exact  meaning  of  the  Crova  wave  length  is  defined  by  equation  (2) 
and  is  shown  to  be  of  the  form  XL=a+6/&H-c/^. 

The  liuninosity  p)rrometer  appears  advantageous  for  temperature 
measurements  when  calibrated  in  terms  of  the  Nutting  equation 
or  the  suggested  modification  of  Nutting's  equation.  Precise 
measurements  on  the  luminosity-temperature  relation  of  a  black 
body  are  greatly  to  be  desired. 

Washington,  November  18,  191 5. 
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1.  INTRODUCTION 

In  a  previous  paper*  in  this  Bulletin  a  brief  discussion  of  the 
question  of  inclusions  of  foreign  materials  in  the  silver  voltameter 
deposits  was  given,  together  with  a  short  r&um^  of  other  papers 
on  this  subject  and  a  few  experiments  which  had  been  made  at 
the  Bureau  of  Standards.  It  was  pointed  out  that  in  so  far  as 
the  international  ampere  is  concerned  the  value  assigned  to  the 
electrochemical  equivalent  of  silver  by  the  London  conference 
has  been  generally  accepted  by  the  various  national  laboratories 
as  appl3nng  to  the  silver  as  we  find  it  deposited  in  the  voltameter 
without  reference  to  any  inclusions  that  it  may  contain.    This  is 

1  The  Silver  Voltameter.  Part  iv',  by  Rom,  Vmal,  and  McDaniel.    This  Bulletin,  10.  p.  5x6,  Reprint 
No.  aao. 
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not  a  serious  matter,  because  the  uniformity  of  the  results  obtained 
by  the  national  laboratories  working  together  indicated  that  the 
inclusions  must  be  very  small  or  very  constant  in  amount,  and 
the  international  committee  was  enabled  to  fix  the  voltage  for 
the  Weston  normal  ceU  with  sufficient  accuracy  for  present  pur- 
poses. But  it  was  also  stated  in  the  reference  mentioned  above 
that  it  is  important,  if  possible,  to  eliminate  any  error  due  to  the 
inclusions  in  order  that  we  may  know  what  deviation  there  is,  if 
any,  from  the  value  assigned  to  the  electrochemical  equivalent 
of  silver  (i . 1 1800  nig  per  coulomb) . 

The  earliest  experiments  of  the  Bureau  on  the  inclusions  in  the 
silver  were  few  in  number  and  were  not  considered  conclusive. 
Only  one  deposit  was  heated  to  incandescence,  and  that  was  from 
an  electroljrte  in  which  impurities  were  purposely  introduced. 
Its  result  had,  therefore,  no  significance  so  far  as  the  value  derived 
for  the  Weston  normal  cell  was  concerned,  since  only  pure  elec- 
trolytes were  used  for  that  purpose. 

We  have  now  carried  out  at  the  Btu-eau  some  further  experi- 
ments, principally  to  determine  the  loss  of  weight  of  the  deposits 
when  heating  them  to  temperatures  of  600°  or  more.  These  will 
be  recorded  in  the  present  paper,  and  also  a  few  experiments 
bearing  on  the  question  of  the  anode  liquid. 

Richards  and  Anderegg  *  have  recently  made  determinations  of 
the  inclusions  of  foreign  material  in  the  silver  deposits.  They 
found  the  inclusions  in  their  deposits  to  be  very  variable  and 
large  enough  to  be  a  serious  source  of  error  in  the  silver  voltameter 
determinations.  They  recommended  as  a  safe  and  convenient 
method  for  determining  these  inclusions  that  the  platinum  cups 
containing  deposits  should  be  heated  to  dull  redness  in  a  flame 
and  reweighed."  The  resulting  loss  in  weight  they  attributed  to 
the  expulsion  of  foreign  material  in  the  deposit.  We  have 
repeated  this  part  of  their  work,  and  we  have  extended  the 
experiments  to  include  comparisons  with  the  effect  when  similar 
deposits  are  heated  in  an  electric  furnace.     Van  Dijk  *  has  pre- 

s  J.  Am.  Chem.  Soc..  87.  p.  15;  1915. 

I  Bssentially  the  same  method  has  been  previously  described  and  used  by  Iiord  Rayleigh  and  Mrs.  Sedc* 
wick,  Phil.  Trans.,  17&.  p.  430, 1884;  Jaeger  and  von  Steinwehr.  Zs.  f.  Instrk,  28,  p.  354,  1908;  Boltzmana, 
Sitzber.  Akad.  Wiss.,  Wien,  IIA,  121,  p.  xo6a,  1912, 

4  Ami.  d.  Fhys..  19.  p.  263;  1906. 
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viottsly  used  a  furnace  for  this  purpose.  Our  furnace  was  consid- 
erably larger  than  his,  so  that  we  could  heat  our  regular  platinum 
cathodes  in  it. 

We  found  the  losses  on  glowing  the  deposits  to  be  only  0.004 
per  cent  on  the  average  and  fairly  constant.  We  also  found  that 
both  these  methods  of  heating  the  deposits  are  subject  to  a  source 
of  error.  In  order  to  drive  the  inclusions  out  of  the  deposited 
silver  a  temperature  of  abolit  600^  has  been  used,  and  there  is 
necessarily  more  or  less  allo3ring  of  the  silver  with  the  platintun 
cup.  On  removing  this  silver  there  is  left  behind  a  stain  of 
platinum  black.  This  may  be  so  slight  as  to  be  hardly  notice- 
able, but  if  deposits  are  made  without  entirely  removing  the 
stains  the  deposited  silver  does  not  accurately  represent  the 
quantity  of  electricity  that  has  passed  through  the  voltameter, 
and  if  such  a  deposit  is  heated  to  dull  redness  the  observed  loss  in 
weight  depends  more  on  the  loss  of  adsorbed  material  from  the 
platinum  black  than  on  the  expulsion  of  inclusions  from  the 
deposited  silver.  This  source  of  error  was  not  mentioned  by 
previous  observers. 

2.  APPARATUS  EMPLOTBD 

The  electric  furnace  was  designed  and  built  by  Prof.  G.  A. 
Hulett  for  this  work  and  we  are  greatly  indebted  to  him  for  the 
use  of  it.  It  was  constructed  from  a  glazed  porcelain  beaker  and 
the  heating  coils  of  nichrome  wire  were  wotmd  not  only  on  the 
sides  and  bottom  but  there  was  also  a  heating  coil  in  the  porcelain 
cover  in  order  to  provide  as  tmif  orm  a  temperature  inside  as  possi- 
ble. Temperature  measuj'ements  were  always  made  by  a  platinum 
platintun-rhodium  thermocouple  which  had  been  calibrated  at 
this  Bureau.  The  thermocouple  passed  into  the  furnace  through 
a  porcelain  tube  in  the  center  of  the  cover.  The  outside  of  the 
furnace  consisted  of  two  concentric  hollow  cylinders  of  metal 
and  asbestos.  The  double  air  space  thus  provided  gave  ample 
heat  insulation  to  make  the  furnace  efficient  for  temperatures  not 
exceeding  750^  C.  The  top  of  the  furnace  was  of  glazed  porcelain 
rings,  one  of  which  supported  the  interior  parts.  The  outside 
dimensions  of  the  fvunace  are  21  cm  diameter  by  27  cm  high  and 
the  inside  dimensions  are  9  cm  diameter  by  16  cm. 
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The  platinum  cups,  one  at  a  time,  were  lowered  into  the  furnace 
with  platinum-tipped  tongs  and  rested  on  a  network  of  platinum 
wires  woven  in  a  perforated  porcelain  plate.  The  cups  were 
covered  with  glazed  porcelain  crucible  covers  to  prevent  the  acci- 
dental falling  of  any  particles  into  them  when  putting  the  ther- 
mocouple in  place.  The  electric  cturent  was  applied  gradually 
by  steps  of  i  ampere  at  intervals  of  a  few  minutes  until  the  maxi- 
mtmi  current  of  7.7  amperes  was  reached.  After  each  heating  the 
furnace  was  allowed  to  cool  to  about  300^  before  opening  it. 

The  furnace  was  designed  with  a  view  of  avoiding  the  difficul- 
ties of  metal  contamination  sometimes  encountered  with  platinum- 
wound  ftunaces.*  To  test  this  an  empty  platinum  cup  was  heated 
four  times  and  weighed  after  each  heating  with  the  results  given 
in  Table  J. 

TABLE  1 


Date 

COf 

A 

• 

TiMtiDMit  ol  cups 

1915 

I 
38.496887 
942 
897 
897 
932 

m 

-a  024 
+  .031 

-  .014 

-  .014 
+  .021 

Waiiied  ud  ditod  at  160*. 

Hdw24 

HMU8dto6S0*. 
HMtod  to  648*. 
HMtodto846*. 

Jlllf  26 

HMtod  to  648*. 

J  ^m^     — '.'..........1.' 

llMm    ... 

3&496BU 

±  .021 

Each  of  the  five  determinations  given  in  Table  i  is  subject  to 
the  same  experimental  error  in  so  far  as  the  weighings  are  con- 
cerned. Since  the  deviations  are  by  small  amounts,  the  results 
show  that  the  heating  to  a  high  temperature  was  without  effect  on 
the  weight  of  the  cup. 

For  heating  by  the  flame  method  the  platintun  cups  were  supported 
on  a  quartz  triangle  and  covered  with  a  small  glazed  porcelain 
evaporating  dish.  The  room  was  darkened  and  the  cup  heated 
quickly  and  as  tmiformly  as  possible  to  a  very  dull  red  with  a 
Btmsen  burner  held  in  the  hand.  We  made  a  number  of  determi- 
nations on  empty  platinum  cups  to  determine  the  effect  of  heating. 
The  following  results,  Table  2,  give  the  weight  after  each  heating 
to  about  600®  C : 

*  Proc.  Am.  Acad.  Sci.,  S8,  p.  460;  1903. 
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TABLE  2 


-Dm 

illaqi* 
cnpi 

A 

cups 

A 

, 

JttMlO... 

1915 

f 
8a  293412 
404 

+aoo4 

-  .004 

f 
38.495585 

579 

Off 

+aoo3 

-  .003 

W«li8d»  dd0d.  nd  Btoirad. 
Haatod  to  dun  ndiiMt. 

B 

Mm 

8a  293408 

±  .004 

38.495582 

±  .003 

JttMll... 

80  203183 

113 
082 
083 

+  .068 

>  .002 
-  .083 

>  .032 

38.494855 
805 
788 
786 

+  .047 

-  .003 

—  .020 
>  .022 

Wiilitd  end  ddad  9i  160*. 

JttMU... 

Bl... 

HiwitiHl  to  *v^^  rtifnim 
Do. 
Do. 

Mta 

8a  293115 

±  .084 

3&  494808 

±  .028 

Ei«iA'titbiftMli 

Af«i 

±  .034 

±  .017 

The  results  of  Table  2  show  very  little  change,  if  any,  in  the 
weight  of  the  empty  cup  due  to  heating  them  to  redness.  In  all 
the  succeeding  work  the  empty  cups  were  glowed  each  time  before 
weighing  them. 

When  heating  the  cups  with  silver  deposits  to  dull  redness,  the 
porcelain  dish  serving  as  a  cover  for  the  cup  was  examined  for 
any  traces  of  volatilized  silver,  but  none  was  ever  seen  nor  was 
any  found  by  chemical  tests.  During  the  heating  process  the 
observer  listened  for  the  "series  of  small  explosions"  mentioned 
by  Richards  and  Anderegg,*  but  this  phenomenon  was  never 
observed. 

The  silver  voltameters  were  the  same  instruments  as  used  in  the 
previous  work  at  the  Bureau  of  Standards  together  with  the  volta- 
meters previously  used  in  the  Princeton  laboratory.  To  these 
were  added  two  silver  cups  identical  in  size  and  shape  with  the 
Princeton  platinum  cups.  It  has  generally  been  thought  impos- 
sible in  the  past  to  use  silver  cups,  partly  because  the  deposit  can 
not  readily  be  removed  and  the  cup  restored  to  its  original  condi- 
tion and  partly  because  of  inconstancy  of  weight  when  heated. 
Both  of  these  objections  were  mentioned  by  Lord  Rayleigh.^ 
Recently  it  has  been  found  in  the  work  at  Princeton  that  silver 
deposited  on  highly  polished  silver  may  be  scraped  off  with  the 
greatest  ease,  although  it  adheres  sufficiently  well  for  the  usual 


*  Loc.  dt.,  p.  9. 


f  Phil.  Trans..  176,  p.  431;  1884. 
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washing  operations.  The  deposit,  after  being  washed,  was  scraped 
down,  while  still  wet,  with  a  small  silver  '*  hoe."  This  has  afforded 
a  ready  means  of  determining  the  inclusions  between  the  crystals 
and  the  cup  and  of  saving  deposits  for  further  examination  for 
inclusions.  Prof.  Hulett  has  kindly  permitted  us  to  make  use 
of  his  silver  cups  in  this  way. 

The  electrolytes  used  in  these  experiments  were  generally  of  a 
very  high  degree  of  purity  and  the  silver  nitrate  was  prepared 
either  by  the  methods  ■  previously  described  by  the  Bureau  or  by 
the  Princeton  method.  The  electrolyte  was  always  tested  for  its 
acidity  and  for  reducing  agents. 

The  cups  were  weighed  on  the  same  balances  described  by 
Rosa  and  Vinal,'  but  these  balances  were  mounted  in  a  new 
balance  room,  similar,  however,  to  that  used  before. 

3.  THE  ALLOYING  OF  SILVER  AlfD  PLATINUM 

Nearly  all  the  previous  observers  who  have  tried  heating  the 
silver  deposits  have  mentioned  the  allo3ring  of  the  silver  and 
platinum  at  a  temperattu-e  corresponding  to  dull  red,  and  Van 
Dijk*®  has  described  the  black  stain  left  on  the  platinum  cup 
after  the  silver  has  been  removed.  Others  have  not  mentioned 
this,  probably  because  the  stain  was  almost  invisible  if  the  alloy- 
ing was  slight.  None  of  the  previous  authors  seem  to  have  been 
aware  of  the  significance  of  this  alloying  and  of  the  black  stain; 
for  example,  Richards  and  Anderegg  "  say,  '*Such  heating  slightly 
alloys  the  two  metals  *  *  *.  This  complication,  of  course, 
has  not  the  slightest  effect  upon  the  quantitative  experiment." 

Time,  as  well  as  temperature,  is  a  very  important  factor  in 
alloying.  Rapid  heating  to  a  given  temperattu-e  for  a  short  time 
may  produce  little  effect,  but  it  becomes  very  pronotmced  as  the 
time  of  heating  is  increased,  as  we  fotmd  on  using  the  electric 
furnace.  A  cup  heated  to  625®  for  30  minutes  in  the  furnace  was 
much  more  alloyed  than  a  similar  cup  heated  to  675®  in  the  same 
furnace  and  immediately  allowed  to  cool. 

<  This  Bttlktin*  9,  p.  sjy  (Reprint  No.  aoz);  Ttans.  Am.  Blectrochcm.  Soc.»  M,  p.  37a.  19x2. 

*  This  Bulletin,  9,  p.  174  (Reprint  No.  194). 

>*  Arch.  Neer.  des.  Sd.  II.  10,  p.  377*  1905;  Ann.  d.  Fhys.»  19,  p.  965,  X906. 

>i  Iioc.  dt.,  p.  X5. 
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When  the  deposits  are  removed  from  the  alloyed  cups  by  elec- 
trolysis or  nitric  acid,  a  brown  stain  remains  on  the  platinum  if 
the  cups  have  been  heated  for  only  a  short  time  with  the  flame,  or 
a  heavy  dark  brown  or  black  stain  in  the  case  of  cups  heated  for 
a  longer  time  in  the  furnace.  We  were  tmable  to  remove  this 
stain  completely  by  scrubbing  without  a  considerable  abrasion  of 
the  platinum  surface,  and  it  persisted  even  after  the  cups  were 
carefully  washed  and  dried  at  160°.  If  the  cups  were  heated  to 
bright  redness  in  a  Bunsen  flame,  the  slight  stains  completely 
disappeared,  but  their  capacity  to  make  trouble  was  only  slightly 
lessened.  Early  in  our  work  we  found  that  this  change  in  color 
from  brown  or  black  to  gray  was  accompanied  by  a  marked 
change  in  weight  of  the  cup.  This  change  in  weight  may  be  as 
small  as  one  or  two  tenths  of  a  milligram  in  the  case  of  cups  that 
have  been  very  slightly  alloyed,  or  it  may  amotmt  to  milligrams 
in  case  of  heavily  alloyed  cups.  The  following  figures  give  the 
change  in  weight  as  we  have  observed  it  for  a  few  cases. 

TABLB  3 

Chinge  in  W«i^t  ]>iie  to  Glowing  a  Cop  Stdnad  bj  flie  JJloyi^ 

After  Cleaning  and  Diying  at  IM'^  C 


Dide 


1915 


JB1F27. 


AafUft6. 


23. 


OctobtrZ. 


Chancter  ol  itain 


mg 

a  180 

V«7  lUght  bivwii  iliriiis. 

.220 

.    Do. 

.672 

Brawn  tfihiii 

.643 

]>•. 

1.063 

Brawn  ilalni  nther  praminitnt 

4.89 

Hmtjt  black  itain. 

The  cause  of  this  phenomenon  seems  to  be  the  expulsion  of 
adsorbed  material  in  the  brown  or  black  stains.  These  stains  we 
believe  to  be  platinum  black.  The  nature  of  this  material  adsorbed 
by  the  platinum  black  has  not  yet  been  determined,  but  experi- 
ments will  shortly  be  made  to  identify  it.  The  disappearance  of 
the  stains  when  heated  was  more  apparent  than  real  since  the 
platinum  black  was  converted  into  platintun  gray,  and  was  there- 
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fore  hardly  visible  on  the  gray  stirface  of  the  platinum  cup  itself. 
The  black  stains  show  their  marked  catalytic  power  when  brought 
in  contact  with  hydrogen  peroxide.  Even  in  cases  when  the 
alloying  has  been  so  slight  that  the  platinum  black  stains  are 
invisible  we  have  fotmd  that  the  actual  presence  of  the  stains 
can  be  shown  by  making  a  test  with  peroxide.  In  this  test  the 
peroxide  was  made  to  cover  both  platinum  black  and  the  bare 
platintmi  surface  of  the  cup  at  the  top.  The  bubbles  formed 
quickly  in  the  platinum  black  region  and  not  noticeably  over  the 
bare  platinum.  There  wsis  a  sharp  line  of  demarcation  between 
the  decomposing  peroxide  and  the  remainder  at  the  point  where 
the  top  of  the  silver  deposit  had  been.  We  have  also  tried  this 
experiment  on  a  cup  which  had  been  heavily  alloyed  by  heating 
in  the  furnace,  and  in  this  case  we  found  that  the  prominent 
brown  stains  caused  a  great  evolution  of  bubbles  in  the  peroxide. 
In  another  case  the  platinum  black  stains  which  had  been  con- 
verted into  platintmi  gray  by  glowing  the  cup  were  tested.  Here 
the  effect  was  much  less  marked  than  in  a  companion  cup  which 
had  been  similarly  treated  in  every  way  except  that  it  had  not 
been  glowed.  We  think  this  indicated  tJiat  the  stains  were  really 
platinum  black. 

In  the  case  of  moderately  alloyed  cups  with  polished  inner 
stuiaces  the  brown  stains  often  showed  the  position  and  size  and 
shape  of  each  individual  crystal  of  silver.  But  as  the  alloying  was 
increased  by  longer  heating  it  was  possible  to  see  the  alloy  spread 
out  into  the  spaces  between  the  crystals  of  silver,  so  that  when  the 
silver  was  removed  the  brown  stains  had  merged  together,  forming 
one  continuous  stain  all  over  the  inner  surface  of  the  cup.  We 
have  examined  these  stains  under  a  high-power  microscope  and 
found  them  to  be  essentially  a  surface  phenomenon. 

It  seemed  desirable  to  investigate  the  change  in  weight  of  this 
platintmi  black  in  its  relation  to  temperature,  and  therefore  we 
heated  a  cup  to  successively  higher  temperatures,  weighing  it 
between  each  heating.  As  a  trial  we  washed  and  weighed  it  three 
times,  heating  it  to  151®  to  see  how  well  the  weighings  might  be 
expected  to  repeat  themselves.  The  cup  contained  only  a  meditim 
amount  of  the  stain  and  was  not  an  extreme  case. 
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WalgMolcvv 

flUttUS 

ton 

W<tl^llt 

mg 
+a276 
+  .236 
+  .247 
+  .123 
+  .044 
-  .660 

-.718 
-.830 

Total.... 

•c 

151 
151 
151 
231 
400 
600 

660 
760 

m 

HMtod  la  •toclik  •fan. 
Do. 
]>o. 

Hotted  in  oloolik  liimoeo. 

Hotted  in  oiodilc  Incnooo.   (Color  cbanfod  to 

tnr.) 
Do. 

OLiao 

.079 
.704 

.058 

.112 

1.083 

These  results  are  shown  graphically  in  Fig.  i . 

We  next  considered  the  question  of  the  e£Fect  this  layer  of  plati- 
num black  or  platinum  gray  has  upon  the  silver  deposited  and 
what  rdle  it  played  in  the  determination  of  the  inclusions  by  the 
method  of  heating  as  advocated  by  Lord  Rayleigh  and  later  by 
Richards.  From  the  above  results  we  concluded  that  a  cup  con- 
taining a  trace  of  platinum  black,  on  which  silver  has  been  depos- 
ited, if  heated  to  dull  redness,  will  show  a  loss  in  weight  that  can 
not  properly  be  assigned  to  the  liberation  of  inclusions  in  the  silver 
alone.  Yet  all  previous  observers,  with  little  or  no  precautions  to 
insure  against  the  presence  of  the  platinum  black,  have  assumed  the 
observed  loss  in  weight  to  represent  the  liberated  inclusion  from 
the  silver  deposit.  It  is  also  obvious  that  if  the  platinum  black 
is  present,  the  losses  observed  when  making  determinations  of  the 
inclusions  by  heating  will  be  found  to  be  very  variable  and  their 
magnitude  will  depend  upon  the  amount  of  platinum  black  present 
and  its  previous  heat  treatment.  On  the  other  hand,  if  the  cup 
has  been  glowed  before  making  the  deposit  of  silver,  so  that  the 
platinum  black  is  converted  to  platinum  gray,  it  is  less  probable 
that  subsequent  heating  of  the  silver  deposit  will  show  large  or 
variable  losses  in  weight.  We  have  made  a  special  test  of  this 
point  in  the  case  of  two  cups  both  coated  with  platinum  black  from 
previous  allo3ring  with  silver.    One  of  these  was  glowed  before 
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Fig.  L'—Shaws  loss  in  toeigki  of  platinum  cup  containing  a  stain  of  platinum  black, 
as  the  cup  was  heated  to  successively  higher  temperatures*  Between  400^  and  600^,  where 
the  greatest  loss  occurred,  the  platinum  black  changed  in  color  to  gray 
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making  the  deposit  of  silver  and  the  other  was  treated  in  the  usual 
way;  that  is,  washed  and  dried  at  160^.  Aside  from  the  question 
of  relative  weights  of  the  two  deposits,  which  will  be  discussed 
further  on,  we  give  here  the  observed  losses  in  weight  wh^ai  the 
two  cups  with  identical  deposits  were  heated : 

Cup  that  had  been  glowed  before  making  the  deposit  lost 

0.06  mg. 
Cup  that  had  not  been  glowed  lost  4.89  mg. 

This,  of  course,  is  an  exaggerated  case,  but  shows  the  possibility 
of  error  in  the  assumption  made  by  previous  observers  as  men- 
tioned on  page  1 55. 

We  concluded  that  if  the  cup  has  been  thoroughly  glowed  pre- 
vious to  making  the  deposit  that  a  subsequent  determination  of 
the  inclusions  wiU  represent  fairly  the  change  in  weight  of  the 
deposit.  For  if  we  take  the  mean  of  13  determinations  given  in 
Table  6,  in  which  the  cup  contained  a  small  amount  of  platinum 
black  previously  glowed,  and  compare  it  with  12  determinations 
made  with  cups  which  were  entirely  free  from  the  platinum  black 
or  platinum  gray  before  making  the  deposit,  we  find  the  difference 
in  estimated  inclusions  to  be  only  0.0006  per  cent,  which  is  within 
the  experimental  error. 

4.  BEEBCX  OF  ALLOYING  OH  THE  AMOUHT  OF  SILVER  DEPOSITED 

The  first  intimation  which  we  had  that  the  presence  of  platinum 
black  or  platinum  gray  in  the  voltameter  would  cause  serious 
errors  in  tiie  quantity  of  silver  deposited  was  in  an  early  experi- 
ment when  two  cups  that  had  been  heavily  alloyed,  but  subse- 
quently glowed,  showed  deposits  more  than  2  mg  lighter  than 
the  other  cups.  It  was  this  experiment  that  first  suggested  the 
nature  of  the  stains  on  the  platintmi  and  led  us  to  experiment  with 
them.  Since  then  we  have  made  special  experiments  to  deter- 
mine the  general  effect  of  previous  alloying  of  the  cups  on  subse- 
quent deposits  of  silver. 
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TABLB  5 

Effect  of  PlatiiniiiiBkck  and  Platimmi  Gray  on  flielfflBSof  SthwDepodtod  (Depoeits 

Dried  at  160'') 


191S 


Ancititl2. 


▲agnails. 


October  2. 


Cup 

D«poalt 

CoodiUoii  oC  Um  coe 

38 

4249.23 

Nomud  vdtemeter;  sm  altof . 

27 

4249.19 

PlitfiwiDi  blsA  mnoved  hf  wv^  ni^la* 

28 

42Sa61 

A  bMvy  liyer  of  platfanim  black. 

93 

4207.80 

Komud  fcttmetor;  sm  altof . 

92 

4207.33 

Slifbdf  aDoficd  and  flowed. 

27 

4207.68 

Plattmiiii  black  mneved  bf  SQiui  fB|^ 

39 

4207.49 

SUibtlf  aDofed  and  flawed. 

I 

4207.58 

Platfunm  blaiA  lemaved  by  aooa  fegla. 

n 

4207.64 

D^ 

27 

4233.09 

Allofsd  and  flowed;  ylaWnBin  fny. 

28 

4234.35 

Heavy  layei  el  pbitiiniiii  black. 

38 

4233.58 

Nonnal  vottameCer;  no  allof . 

It  thus  appears  that  a  cup  that  had  been  alloyed,  and  hence 
contains  the  platinum  black  stains,  gave  an  apparently  heavier 
deposit  than  normal  if  it  had  not  been  glowed  or  a  lighter  deposit 
than  normal  if  it  had  been  glowed  previously  to  making  the 
deposit.  This  was  not  tmderstood  at  first,  since  we  thought  that 
the  light  weight  of  the  deposit  might  be  due  to  the  catalytic  eflfect 
of  the  platinum  gray  on  the  hydrogen  ions  present  in  the  solution, 
and  it  was  therefore  expected  in  the  experiment  of  August  1 2  that 
cup  No.  28  would  show  a  still  lighter  deposit.  As  a  matter  of 
fact,  the  deposit  was  much  too  heavy  and  this  was  confirmed  by 
the  same  cup  in  the  experiment  of  October  2.  The  difiGlculty  was 
explained  when  we  heated  cups  Nos.  27  and  28  of  the  last  e3q)eri- 
ment  to  a  dull  red. 

No.  27  lost  0.060  mg. 
No.  28  lost  4.89. 

That  is,  the  deposit  in  No.  28  was  in  reality  much  the  lightest 
although  apparently  heavy  owing  to  material  probably  adsorbed 
by  the  platinum  black. 

Careful  measurements  of  the  acidity  of  the  electrolyte  were 
made  and  checked  for  the  experiment  of  October  2.  It  was  found 
that  the  acidity  increased  considerably  in  the  case  of  the  cup 
with  platinum  black,  somewhat  less  for  the  cup  with  platinum 
gray,  and  none  at  all  for  the  standard  cup. 
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The  acidities  were  as  follows : 

Initial  acidity  of  electrolyte  7  X  lO"^  acid 

Final  acidity  No.  27,  platinum  gray  10  X 10**  acid 
Final  acidity  No.  28,  platinum  black  15  X  io~*  acid 
Final  acidity  No.  38,  normal  cup  6  X  io~*  acid 

The  Table  5  shows  that  when  the  platinum  cup  containing  the 
platintun  black  is  cleaned  with  cold  concentrated  aqua  regia  and 
rubbed  the  deposits  are  in  agreement  with  those  in  cups  which 
have  never  been  alloyed  with  silver.  This  cleaning  process,  how- 
ever, removes  a  considerable  amount  of  the  platinum.  In  exag- 
gerated cases  this  is  as  much  as  a  gram.  For  this  reason  it  appears 
doubtful  whether  a  moderate  amotmt  of  scrubbing  wotdd  suffice 
for  the  complete  elimination  of  the  platintun  black.  Richards 
and  Anderegg,  for  example,  mention  scrubbing  the  cups  and  say 
that  the  crucibles  lost  a  few  tenths  of  a  milligram  each  time.  Our 
work  wotdd  lead  us  to  expect  a  much  greater  loss  than  this  if  the 
platinum  black,  even  for  only  a  slight  alloying,  be  entirely  removed. 

Cleaning  the  cups  in  this  way  is  inconvenient*  and  destructive 
to  the  cup.  We  do  not  find  it  necessary  to  make  inclusion  deter- 
mination for  every  deposit  of  silver  and  to  do  so  would  speedily 
rtiin  the  platinum  cups. 

5.   ESTIMATION   OF  mCLUSIONS  IN   DEPOSITS   FROM  PURS 

ELBCTROLTTES 

Table  6  shows  the  observed  losses  in  weight  of  deposits  from 
ptu-e  electrol3rtes,  the  ptuity  being  judged  by  the  standards  of 
ptarity  previously  published  by  the  Bureau."  All  such  deposits 
which  were  heated  according  to  the  method  described  by  Richards 
and  Anderegg  are  included  in  this  table.  In  no  case  was  platintun 
black  present,  but  in  some  cases  slight  amotmts  of  platinum  black 
had  been  converted  over  into  platintun  gray  before  making  the  de- 
posits. This  is  immaterial,  as  we  showed  on  page  157,  but  these 
cases  are  noted  in  the  table.  All  deposits  which  were  heated  in  the 
electric  furnace  are  also  included  in  the  table  with  the  exception  of 
two  in  the  experiment  of  July  20.  For  unknown  reasons  these  were 
discordant  with  all  the  other  results  of  the  table,  and  they  are 
therefore  omitted.  If,  however,  they  had  been  included  they 
wotild  have  a£fected  the  mean  result  by  only  0.0005  P^  cent. 
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TABLB  6 
Estimttion  of  Inclttsioos  by  HMtiag  fht  Deposits 


Date 

Cup 

Melhod 

of 
baatliic 

Tam- 
tora 

Nnm* 

bar  of 

boat- 

ingi 

Total 
lOMin 
walglit 

Pofoaot* 

loMin 
waigbt 

Platnium 
gray 

pcaaant 
or  not 

— 

1915 
JonoU 

95 
99 

Flama... 

Dat.C 

2 

2 

0l130 
.186 

OL0032 
.0045 

No 

No 

Silvar  nttiato  prapafad 
by  Boraan  of  Stand- 
aida  mathoda. 
Da. 

...do 

JaB0l6 

95 
99 
95 

• .  .QO. «... 

3 

3 

.     3 

.220 
.300 
.181 

.0055 
.0075 
.0041 

Tm 

Tm 

Tm 

Da. 

...do 

Do. 

loiMa4 

...do 

........ 

SUvar  nltiate  aa  pnr- 
cbaaad     not     qidto 

92 

•  ..do..... 

3 

.129 

.0029 

No 

pare. 
Sflvar  nltnrta  prapaiad 
by  Bttfaau  of  Stand* 
aida  matboda. 

27 

...do 

3 

.205 

.0047 

No 

Do. 

28 

...do..... 

3 

.279 

.0064 

No 

Slivar  nltiate  aa  poi- 
diaaad     nat     ^nito 

Tn|y9 

95 

...do 

• 

2 

+  .007 

+  .0002 

Tm 

pure. 
Silvar  nltiate  prapaiad 
by     tba     Prtncaioa 
maChod. 

#•••/  y. ••••••••• 

92 

...do 

2 

.013 

.0003 

Tm 

Do. 

27 

Vamaca. 

625 

2 

.048 

.0011 

Tm 

Da. 

28 

•  ..do.«»«. 

625 

2 

.028 

•  0007 

Tm 

Do. 

I 

n 

625 
625 

2 
2 

.166 
.115 

.0040 
.0028 

No 

No 

SDvar  nltiate  prapaiad 
by     tba     Piluootn 
maChod  (copnotpia- 
vloaaly  glowad). 
Do. 

Tilly  20 

95 

92 
I 

Flama... 

1 

1 
1 

.161 

.116 
.322 

•  0037 

.0027 
.0073 

Tm 

Tm..... 
Tm 

SUvar  nitrate  prapaiad 
by  tba  Piluootn 
maOiod. 

Do. 

Do. 

* ■■"#  ■«#. . _..*.•<. 

...do..... 
VimaM. 

623 

n 

...do..... 

623 

1 

.254 

.0058 

Tm 

Do. 

A«tiial9 

92 

27 

I 

Flama... 

1 
1 
1 

.333 

.240 
.111 

.0079 
.0057 
.0026 

Tm 

No 

No 

Do. 

AngnstlS 

FunaM. 
...do 

625 
630 

Do. 
Da. 

Octebor2 

n 

27 
27 

...do..... 
Flama... 

625 

1 
1 

1 

.160 
.060 

.251 

.0039 
.0014 

.0057 

No 

Tm 

No 

Da. 
SUvar  nltiate  prapaiad 
by  Bttiaauol  Stand- 
aidamalbada. 

Do. 

OcteborlS 

•  ..do... .. 

28 

• .  .uv. .... 

1 

.238 

.0054 

No 

Da. 

Meana 

.0040 

a  Average  deviation  of  a  tingle  obteryatiom,  ±o.oox8  xier  cent;  gwobable  error*  coozs  per  cent  for  ainsle 
cboervatian;  s»robable  error,  0.0003  V^  cent  for  mean  result.  Percentage  lois  in  weight,  mean  flame  de- 
tenninatiooa,  0.0041  per  cent;  percentage  kMS  in  wcigjit,  mean  furnace  dcterminatiwi*,  0.0038  per  oent. 
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The  incltisions  expelled  by  heating  the  silver,  therefore,  seem  to 
be  about  0.004  P^  cent.  Richards  and  Anderegg  "  apply  a  correc- 
tion of  6  per  cent  for  the  solids  they  estimate  to  remain  from  the 
inclusions,  but  6  per  cent  of  0.004  P^  ^^^^  ^^  ^00  small  to  consider. 

It  is  interesting  at  this  point  to  compare  the  restdts  which  have 
previously  been  obtained  by  methods  similar  to  those  used  in 
this  paper.  We  give  in  Table  7  an  analysis  of  earlier  results  com- 
pared with  our  own.  In  general,  these  results  had  to  be  computed 
from  the  original  data  contained  in  the  various  papers.  Thus,  in 
the  case  of  Lord  Rayleigh's  Table  2,  we  have  computed  the  per- 
centage loss  in  weight  of  the  deposit  for  all  deposits  made  from 
silver  nitrate  not  contaminated  with  acetate.  For  Richards  and 
Anderegg's  work  we  have  included  all  the  results  given  in  their 
Table  3  and  have  averaged  them  together. 

TABLE  7 

Smmnaxy  of  Results  Obtained  by  Heetiag  the  Silver  Deposits  in  tlie  Pktinom  Cups 

to  Expel  Inclusions 


BiliflUMTalnM 

T€tf 

ObMivns 

Kant* 

Maan 
raaott 

Otaef- 
vatlana 

Relerencee 

Mfaii- 

Mazl- 

mvm 

mam 

Peccant 

Pareeni 

Pareent 

Percent 

1884 

RayMib  and  Sedgwick.. 

aooo 

-a  030 

ao3o 

a  010 

24 

PlilL  Tnma.  A.,  176» 
p.  438. 

1902 

• 

-  .003 

-.030 

.027 

.018 

12 

Za.  L  Pbya.  Chem.* 
41,  p.  323. 

1906 

VanDilk 

+  .009 

-  .006 

.015 

.000 

7 

Ann.  d.  Phya.,  19^  p. 
266. 

1908 

jMgif  end  von  Stein* 
wdir. 

+  .002 

-.005 

.007 

.0006 

18 

Za.  L  Inatxk.,  M,  p. 
226. 

1912 

Boltnumn 

+  .0026 

—  .0087 

.0113 

.0023 

19 

Sitzber.  Akad.  Wlaa.. 

Wlen,  121,  p.  1062, 

1915 

—  .0039 

-  .0352 

.0313 

.0142 

27 

J.  Am.  Chem.  SoCt 
87,  p.  16. 

1915 

VfaMl  add  Bovaid 

+  .0002 

—  .0079 

.0081 

.0040 

25 

Thla  paper. 

It  is  readily  seen  from  Table  7  that  the  results  classify  them- 
selves in  two  groups.  On  the  one  hand,  we  have  Lord  Rayleigh 
and  Mrs.  Sedgwick,  Richards  and  Heimrod,  and  Richards  and 
Anderegg;  on  the  other  hand,  we  have  Van  Dijk,  Jaeger  and  von 
Steinwehr,  Boltzmann,  and  the  present  authors.  So  far  as  Lord 
Rayleigh  and  Mrs.  Sedgwick  are  concerned,  it  must  be  remembered 
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that  they  were  working  with  the  filter  paper  voltameter,  and  there- 
fore their  electrolyte  was  impure,  which  we  think  will  accomit  for 
a  high  value  for  the  inclusions.  Whether  we  include  their  results 
or  not,  the  fact  remains  that  Richards  and  his  coworkers  stand 
alone  in  finding  the  largest  inclusions  and  in  having  the  largest 
variation  between  their  extreme  values.  The  most  consistent  re- 
sults— ^that  is,  those  having  the  smallest  difference  between  the 
extreme  values — ^are  the  restdts  of  Jaeger  and  von  Steinwehr. 
These  are  closely  followed  by  the  results  of  the  present  paper  and 
by  the  results  of  Boltzmann  and  Van  Dijk.  If  we  group  these  fotir 
series  together,  we  have  69  fairly  consistent  determinations  of  the 
inclusions  of  which  the  mean  is  0.0023  per  cent,  weighting  each  of 
the  four  results  according  to  the  number  of  observations  on  which 
it  is  based.  Richards's  39  observations,  on  the  contrary,  give  a 
mean  result  of  0.0 1 54  per  cent,  or  nearly  seven  times  larger  than  the 
mean  of  the  other  observers.  Just  how  much  effect  the  platinum 
black  has  had  in  the  results  of  these  previous  observers  we  shall  not 
attempt  to  say,  but  it  is  evident  that  in  the  case  of  Van  Dijk,  Jaeger 
and  von  Steinwehr,  and  Boltzmann  it  was  very  small.  The  last 
named  mentions  glowing  the  cup  each  time  before  making  a  deposit, 
and  this  would  nullify  the  effect  of  the  platinum  black  so  far  as  de- 
termining the  inclusions  is  concerned,  as  we  have  shown. 

The  voltameters  used  in  the  researches  that  showed  very  small 
inclusions  have  varied  greatly  in  size.  The  smallest  cup  was  Van 
Dijk's,  which  held  only  30  cc,  and  the  largest  were  our  own,  some 
of  which  held  over  300  cc. 

Smith  Mather  and  Lowry  heated  a  few  deposits,  but  not  to  as 
high  a  temperatiure  as  in  the  case  of  the  results  recorded  in  Table  7 ; 
they  are  therefore  not  mentioned  in  this  connection.  This  is  also 
the  case  with  a  few  other  observers,  whose  methods  have  differed 
in  principle  from  the  methods  of  this  paper. 

6.  THE  VALUE  OF  THE  FARADAY 

The  Bureau  "  pubUshed  some  years  ago  a  value  for  the  absolute 
electrochemical  equivalent  of  silver  which  was  obtained  by  the 
same  silver  voltameters  used  in  the  present  work  and  an  absolute 
current  balance.  This  value  was  1.11804  mg  per  cotdomb.  Sub- 
sequently this  was  revised  "  to  i.i  1805  mg  per  coulomb.     Which- 

14  This  Bulletin,  8,  p.  367  (Reprint  No.  171).  ^  This  Bulletin,  10,  p.  477  (Reprint  No.  aao). 
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ever  of  these  values  is  taken,  if  we  apply  as  a  correction  the  esti- 
mated inclusions  as  fotmd  in  the  preceding  section  it  appears  that 
I.I  1800  mg  per  coulomb  which  was  adopted  by  the  London 
Electrical  Congress  of  1908  as  the  value  for  the  electrochemical 
equivalent  is  in  reality  the  closest  figure  that  we  can  assign  to  this 
constant,  and  seems  to  be  correct  to  within  a  few  parts  in  one  him- 
dred  th<)usand.  We  do  not  know  the  value  for  the  atomic  weight 
of  silver  with  this  degree  of  acciu-acy.  It  is  only  expressed  to 
five  significant  figures,  but  taking  the  present  international  value 
107.88  we  find  the  value  of  the  Faraday  to  be 

96494 

In  a  recent  paper  by  Vinal  and  Bates  "  the  value  of  96  500  is 
recommended  for  general  use,  and  this  recommendation  still  holds 
good.  The  correction  for  inclusions  found  in  the  present  paper 
will  account  for  only  4  out  of  2 1  parts  in  100  000  difference  between 
the  results  of  the  silver  and  iodine  voltameters  of  their  work. 
Additional  experiments  are  now  being  made  in  the  Princeton  labor- 
atory in  which  some  of  the  deposits  obtained  during  the  present 
investigation  will  be  analyzed.  After  these  results  have  been  ob- 
tained a  more  extensive  discussion  of  the  Faraday  will  be  given. 

7.  ADDITIONAL  EXPERIMENTS  ON  THE  DEPOSITS 

Successive  Heatings  of  the  Deposits. — It  will  be  noted  in  Table  6 
that  some  of  the  deposits  were  heated  more  than  once.  This  was 
to  determine  how  completely  the  inclusions  are  expelled  by  one 
heating.  Our  experiments  showed  that  about  90  per  cent  of  the 
total  loss  in  weight  occtus  the  first  time  that  they  are  heated.*^ 
The  second  and  third  heatings  show  small  changes  which  are 
sometimes  slight  gains  in  weight  instead  of  losses. 

Effect  of  Heating  Deposits  to  an  Abnormally  High  Temperature. — 
Two  deposits  were  heated  by  a  flame  to  a  temppratiu^e  estimated 
at  700*^  C  after  being  heated  to  dull  redness.    The  resulting  loss  in 
weight  was  observed: 

Percentage  of  deposit 

a  0017 

.0006 


Mean      .ooiz 


!•  This  Bulktki.  10,  p.  449  (Reprint  Na  azS).     "  Bottiinann  (loc.  dt.)  also  obtained  a  similar  result. 
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One  deposit  was  heated  in  the  furnace  to  675®  after  having  been 
twice  heated  to  625^ ;  the  result  was  an  apparent  gain  in  weight  of 
0,001 1  per  cent. 

Effect  of  Prolonged  Heating  of  the  Deposit. — ^When  the  deposits 
are  heated  with  the  Bunsen  burner  the  time  that  the  deposit  is  at 
a  high  temperature  is  very  brief ,  but  in  the  case  of  the  furnace  the 
cup  and  deposit  are  over  600^  for  at  least  seven  minutes.  The 
agreement  of  these  two  methods  of  heating  shows  that  the  time 
is  not  significant,  but  as  a  further  test  we  baked  a  deposit  for  the 
second  time  in  the  furnace  for  one-half  hour  at  625^  and  found  the 
loss  in  weight  to  be  only  0.0004  P^r  cent. 

It  is  fortunate  that  the  time  for  heating  can  be  made  so  short 
because  the  trouble  with  the  alloy  of  silver  and  platinum  is  much 
lessened. 

Heating  the  Deposit  After  Removal  from  Cathode. — ^Two  samples 
A  and  B,  of  silver  deposits  from  pure  electrolytes  were  removed 
from  the  silver  cathodes  as  described  on  psige  151.  These  were 
dried  at  160^  in  a  small  platinum  dish  previously  washed,  dried, 
and  glowed.  After  weighing  they  were  heated  in  the  same  plati- 
num dish  to  dull  redness  with  a  Bunsen  burner.  We  give  in  Table 
8  these  two  values,  together  with  the  values  obtained  by  heating 
the  deposits  on  platinum  of  the  same  run  according  to  the  method 
described  by  Richards  or  in  the  furnace.  Two  deposits  of  the  run 
of  Jtdy  9  which  are  given  in  Table  6  are  omitted  here  because  the 
platinum  cups  were  not  previously  glowed,  and  two  deposits  also 
on  Jime  24  made  with  a  different  electrolyte. 

TABLB  8 
Bgrtmattonii  of  facluaions  in  Silver  Scnq^  from  fht  Catiiode 


Date 

Sample 

Loaein 
weight 

Cup 

Loaaiii 
weitfit 

Mean 

mSecenoe^ 
mlnuacop 

Jime24... 

1915 

A 

B 

Percent 
a0045 

0000 

92 
27 
95 
92 

27 
28 

Percent 

a0029 
.0047 
(+).0002 
.0003 
.0011 
.0007 

Percent 

Percent 
-HX0007 

InlyO..  .. 

v"*#  »••«•• 

.0005 

•faooos 

Vmct  1 
Bowdj 
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The  agreement  of  these  two  results  is  better  than  was  to  be 
expected. 

The  Inclusions  Between  the  Crystals  and  the  Surface  of  the  Cup. — 
Richards  and  Anderegg^'  note  that  platinum  cups  with  rough 
Ulterior  surfaces  considerably  increase  the  inclusions.  It  therefore 
seemed  worth  while  to  examine  this  point  closely  because  of  the 
excellent  agreement  of  results  obtained  by  Hulett  and  Vinal/' 
although  one  used  platinum  cups  with  rough  interior  surfaces  and 
the  other  smooth  surfaces.  In  the  present  work  cups  I  and  II  had 
rough  interior  surfaces  and  27  and  28  became  roughened  after  clean- 
ing with  the  aqua  regia,  so  we  may  readily  classify  the  results  given 
in  Table  6  according  to  the  character  of  the  interior  surface  of  the 
cup.    This  is  done  in  Table  9. 

TABLB  9 
CoBuniMO  of  lpK^%fVMMi  in  Vottemstaci  wifli  P«i^^  and 


fluMmlh  SOT- 

tMM(9« 

w§l||iln& 

bMlliK) 

Wiw|li  snr* 

taCM(9«r 

oont  low  in 

bMtllK) 

Pmohk 

ParcMit 

*     aoo32 

aoo4o 

45 

28 

M 

7S 

75 

58 

41 

57 

29 

88 

47 

30 

64 

14 

+02 

37 

03 

54 

U 

07 

S7 

27 

79 

.0044 

MMn.0037 

The  difference  is  thus  only  0.0007  P^  cent,  which  is  within  the 
experimental  error,  and  therefore  we  may  say  that  the  inclu- 


uifOe.dt.ii.itf. 
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sions  on  smooth  and  rough  surfaces  are»  so  far  as  our  experiments 
go,  the  same.'® 

As  to  the  magnitude  of  the  inclusions  between  the  crystals 
and  cup  we  were  enabled  to  form  an  estimate  using  the  silver  cups 
in  which  the  silver  can  be  so  easily  scraped  from  the  cathode 
while  the  cup  is  filled  with  conductivity  water. 

The  general  procedure  was  to  wash  these  deposits  tmtil  further 
washing  produced  no  change  in  the  conductivity  of  the  water 
used.  Then  a  platinum  cup  similar  to  the  cups  in  use  was  filled 
after  washing  with  the  same  conductivity  water  and  stood  beside 
the  cup  under  test.  A  large  glass  plate  was  interposed  between 
the  observer  and  the  cups  while  the  silver  was  scraped  down  so 
that  during  the  three  to  five  minutes  required  the  breath  of  the 
observer  might  not  contaminate  the  water  in  the  cups.  As  soon 
as  the  scraping  was  complete  the  conductivity  of  the  water  in  the 
cup  under  test,  and  the  blank  also,  were  immediately  measured 
in  a  conductivity  cell  of  the  pipette  form."  The  net  result  found 
represents  the  increase  due  to  the  silver  nitrate  liberated  by  scrap- 
ing the  silver,  and  also  all  other  causes  of  increase  of  conduc- 
tivity, except  the  effect  of  temperature,  which  was  under  control. 

Consequently  the  values  found  are  maximtun  values  and  the 

« 

silver  nitrate  calculated  from  the  increase  in  conductivity  is 
probably  too  large.  In  the  first  experiment  the  value  found  is 
considerably  larger  than  in  the  others.  This  is  probably  due  to 
imperfect  technique  before  we  learned  the  best  way  of  doing  the 
experiment.    The  results  are  given  in  Table  lo. 

TABIB  10 
Inchuioos  Between  Ciystala  end  Cup 


Date 


1915 


Aagiuit9. 


AttgoitlS. 


Cup 


VI 
V 
V 

VI 


Bqnivalaiit  AgNOtlw  IncrMM  In 
cwidiicUvity 


ng 

a  04(1 

.01 

.0052 

.0078 


). 


.  0076  O  0.0002  per  cant  Of  tht  d«podt 


**  Compare.  Jaeger  and  von  Steinirehr,  Zs.  f.  Instrk.,  S5,  p.  933;  1915. 

*^  This  was  the  same  cell  used  by  Hulett  and  Vinal,  This  Bulletin,  11,  p.  558  (Reprint  No.  940). 
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The  amount  of  silver  nitrate  trapped  behind  the  crystals  is 
therefore  very  small,  and  consequently  it  is  not  surprising  that 
Table  8  shows  so  close  an  agreement  between  the  inclusions 
determined  for  the  silver  removed  from  the  cathode  and  other- 
wise. 

Inclusions  in  Silver  Deposits  from  Lfiss  Pure  Electrolyte. — In  two 
experiments  we  used  electrol3rte  manifestly  less  pure  than  in  the 
other  experiments.  For  one  of  these  we  purposely  added  filter 
paper  to  the  electrolyte  and  in  the  other  the  impurity  manifested 
itself  by  a  considerable  volume  effect,  which,  being  larger  than 
the  average  experimental  error,  we  regard  as  evidence  of  impurity. 
These  results  are  given  in  Table  11. 

TABLB  11 
ButiamM  Inchiaions  by  HMting  the  Cups  with  Depoiits  from  Imfure  Eloctrolytes 


Date 

C«p 

CMitafe 
low  in 
wdfht 

RflOMikf 

1915 
fnlyz. 

95 

92 

a0067 
.0118 

Fitter  payer  pat  in  ttoctnlyte. 
Da. 

27 

.0071 

Do. 

JtOsTB 

28 
95 

92 

.0097 
.0106 
.0102 

Do. 

Voinme  effect  of  7  in  100  000. 

Do. 

27 

.0118 

Do. 

28 

.0095 

Da. 

Z 

.0102 

Do. 

n 

.0093 

Do. 

Mean. 

.0097 

The  inclusions,  therefore,  appear  to  be  more  than  twice  what 
was  found  in  the  case  of  pure  electroljrte.  This  is  in  accord  with 
the  view  expressed  by  the  Bureau  "  several  years  ago  that  the 
presence  of  impurities  of  a  colloidal  nature  which  break  up  the 
crystalline  structure  of  the  silver  will  increase  the  inclusions  in 
the  deposited  silver. 

The  Volume  Effect, — Richards  and  Anderegg,"  explaining  the 
volume  effect,  attribute  it  to  a  surface  effect  and  claim  the  inclu- 
sion to  be  greater  in  the  larger  cups,  so  that  when  both  large  and 


*■  This  Bulletia,  10,  p.  5x7  (Retirint  No.  aao). 
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small  cups  are  heated  th^  restiltant  deposits  are  in  agreement. 
We  have  examined  all  our  experiments  with  this  point  in  view,  and 
we  give  in  Table  12  an  analysis  of  all  those  in  which  a  comparison 
of  our  large  and  small  cups  (No.  92  and  No.  95  large  size,  No.  27 
and  No.  28  small  size)  was  made  with  subsequent  heating,  except 
for  the  experiment  of  July  20,  in  which,  as  we  stated  on  page  159, 
the  results  with  the  small  cups  were  anomalous.  This  table 
includes  the  results  of  deposits  from  pure  solutions  in  which  the 
volume  effect  was  very  small  or  absent  altogether  and  also  the 
results  of  deposits  from  impure  solutions  in  which  the  volume  effect 
is  large.  The  table  shows  that  heating  the  deposits  to  expel  the 
inclusions  did  not  make  the  difference  between  large  and  small 
deposits  any  less,  ^  as  Richards's  theory  would  call  for,  but,  on  the 
other  hand,  the  difference  became  a  trifle  larger,  on  the  average 
0.03  mg  for  each  comparison,  which  is  perhaps  as  good  agreem^t 
as  could  be  expected.  Richards's  results  could,  however,  be 
explained  on  his  theory  by  the  assumption  that  the  platinum 
black  from  previous  heatings  was  not  entirely  eliminated  before 
making  the  deposit.  In  such  a  case  for  two  cups  equally  allo3red 
the  amotmt  of  platinum  black  would  be  proportional  to  the  surface 
of  the  cup.  This,  even  with  pttte  electrolyte,  would  probably 
show  an  apparently  heavy  deposit  in  the  large  cup,  as  our  results 
on  page  158  indicate,  and  this  cup  would  also  lose  the  most  on 
heating  to  a  high  temperature,  hence  the  two  deposits  would 
appear  to  draw  together.  The  results  of  Table  1 2  emphasize  the 
previous  viewpoint  of  the  Bureau  that  the  ptnity  of  the  salt  used 
for  the  electrolyte  is  the  determining  factor  in  the  volume  effect. 

M  i^wtiwhtg  the  renilts  of  Lord  Rayleigh  and  Mn.  Sedgwick,  we  find  the  same  thing.  Theb  large  cup 
depositf  lost  0.0XJ  per  cent  and  theh*  small  cup  deposits  lost  0.009  per  cent.  The  diflecenoe  between  these 
results  is  well  within  their  experimental  error. 


Vinal  1 
Bovardj 


Silver  Voltameter 


169 


TABUS  12 
AnalysiB  of  Deposits  with  Rofecence  to  the  Volamo  Effect 


Dale 


1915 


JviMl4. 

JIIIW16. 

Jama  24. 


Itdya. 


Iidy9. 
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TaialA'a. 
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Daaaait 
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DwMait 

afiar 
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A 
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mg 

mg 

mg 

mg 
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Small... 

4095.69 
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+0.12 

4095.56 
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SmaU... 

3975.84 
9975.63 

-1-  .21 

3975.62 
3975.33 

+  .29 

Laiga... 

Small... 

4375.07 
4375.00 

+  .07 

4374.94 
4374.80 

+  .14 

Laiga... 
dmaD... 

4375.25 
4375.10 

+  .15 

4375.07 
4374.82 

+  .25 

Laiga... 

4221.87 

4221.59 

+  .97 

>+  .99 

Sman... 

4230. 

4220.60 

Laiga... 
Sman... 

4222. 
4220.93 

-+L53 

4221.98 
4220.52 

+L46 

Laiga... 
Sman... 

4180.13 
4180.13 

±  .00 

4180.14 
4180.08 

+  .06 

Laiga... 
SmaU... 

4180.09 
4180.13 

-  .04 

• 

4180.08 
4180.10 

—  .02 

Laxga... 

Sman... 

4339.94 
4339.66 

+  .28 

4339.48 
4339.15 

+  .33 

Laxge... 

SmaU... 

4339.84 
4339.50 

+  .84 

4339.40 
4339.09 

+  .31 

+3.63 

+3.96 

Ramaxfca 


Sn?ar  nttrata  aa  yurdiaaad 

Da. 
Fmar  paper   In   elactioljpCa.   Hala 
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Da. 

Da. 

Da. 


8.  BXFBRIMBNTS  ON  THB  ANODE  LIQUID 

Many  lines  of  evidence  led  the  Bureau  to  the  conclusion  stated  in 
its  Part ."  I  of  the  recent  voltameter  papers  that  the  effects  of  the 
supposed  anomalous  substance  formed  at  the  anode  during 
electrolysis  were  in  reality  due  to  impurities  present  in  the  solution, 
as,  for  example,  filter  paper.  The  Bureau  has  not  found  it  neces- 
sary to  change  this  view,  but  in  the  present  work  we  have  tried  two 
further  experiments  on  the  anode  liquid. 

The  first  experiment  was  suggested  to  us  by  the  remark  of 
Richards  and  Anderegg^*  that  the  reason  most  observers  had 
failed  to  find  this  peculiar  compound  in  the  anode  liquid  is  because 
they  delayed  testing  for  it  until  the  compound  had  become  oxidized 


*»  This  BuUcdn,  •,  p.  151  (Saprint  No.  194). 
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and  vanished.  Accordingly,  we  drew  four  10  cc  samples  of  the 
dense  anode  liquid  (17  per  cent,  the  original  electrolyte  was  10 
per  cent)  from  inside  the  porous  cups  of  the  voltameters  of  August 
18.  The  electroljrte  of  this  experiment  was  quite  ptu-e  as  judged 
by  the  permanganate,  acidity,  and  volume  effect  tests.  The  four 
samples  of  anode  liquid  were  taken  within  one  minute  after  the 
electrical  circuit  was  broken.  Each  was  put  in  a  stoppered  glass 
tube  and  acidified,  then  i  cc  of  N/iooo  KMn04  was  added  to  each 
tube  and  all  shaken  to  mix  the  contents.  The  whole  operation 
consumed  less  than  five  minutes.  The  times  required  for  the 
permanganate  color  to  fade  were  noted.    They  were 

4a  minutes 
$2  minutes 
70  minutes 
70  minutes 

mean,  59  minutes 

We  do  not  think  that  otu*  anode  liquid  contained  the  oxidizable 
compound  spoken  of  by  Richards,  else  the  color  of  so  small  a 
quantity  as  i  cc  of  N/iooo  KMn04  would  hardly  be  expected  to 
last  for  an  hour. 

Our  second  experiment  on  the  anode  liquid  was  suggested  by 
the  use  of  the  alundum  porous  cups  in  an  experiment  described 
by  Richards  and  Anderegg.*^  They  used  the  porcelain  porous 
cup  to  hold  back  the  anode  compound  and  the  very  porous 
alundum  cup  to  let  it  through.  We  thought  that  a  slightly 
different  arrangement  of  the  porcelain  and  alundum  cups  would 
perhaps  throw  more  direct  light  on  the  matter.  A  previous 
experiment  showed  that  our  alundum  cups  permitted  water  to 
pass  through  the  pores  about  60  times  as  fast  as  it  passed  through 
otu*  porcelain  (Pukal)  porous  cups. 

We  arranged  three  voltameters.  One  was  a  normal  voltameter 
with  the  ordinary  porous  cup,  the  second  was  similar  to  the  first 
except  that  an  alundum  porous  cup  was  used  in  place  of  the 
porcelain  porous  cup.  The  third  had  a  porcelain  porous  cup 
fitting  snugly  inside  of  an  alundum  porous  cup.  The  alundum 
and  porcelain  cups  were  all  prepared  similarly  and  as  described 

>7  J.  Am.  Chcm.  Soc..  S7,  p.  685;  29x5. 
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by  the  Bureau.*'    According  to  the  theory  of  Richards  the  first 

and  third  voltameters  should  agree  and  both  give  lighter  deposits 

than  the  second;  but,  on  the  other  hand,  if  the  heavy  anode 

compound  with  excess  silver  is  nonexistent  then  the  second  and 

third  shotild  agree,  and  if  these  deposits  are  heavier  than  that  in 

the  first  it  would  show  that  the  alundum  cups  are  responsible  for 

introducing  impurities  into  the  solution.    The  results  of  this 

experiment  were  as  follows : 

mg 

The  first  (normal  voltameter) 4337-  08 

The  second  (alundum  cup) 4327.  38 

The  third  (alundum  cup  with  porcelain  porous  cup  inside) 4337*  44 

These  results,  therefore,  tend  to  confirm  the  previous  views  of 
the  Bureau  that  the  anode  reactions  produce  no  effect  whatever  in 
the  quantitative  meastu-ements  "  of  the  silver  deposited. 

This  work  has  been  done  at  the  Bureau  of  Standards  under  the 
direction  of  Dr.  E.  B.  Rosa.  We  have  also  been  forttmate  in 
having  the  help  of  Prof.  G.  A.  Hulett.  The  investigation  is  being 
continued  under  the  direction  of  Prof.  Hulett  by  one  of  the  present 
authors  (Bovard)  in  the  Princeton  laboratory. 

9.  SUMMARY 

1 .  We  have  heated  a  number  of  silver  deposits  to  temperatures 
slightly  above  600°,  both  with  a  flame  and  in  an  electric  furnace, 
and  have  found  the  losses  in  weight  to  indicate  inclusions  of  foreign 
matter  in  the  deposits  to  be  0.0040  per  cent  on  the  average  for 
pure  electrolyte  and  higher  for  impure  electrolytes. 

2.  We  have  found  that  such  heating  of  the  deposits  produces 
an  alloy  of  silver  and  platinum,  which  on  dissolving  out  the  silver 
leaves  a  layer  of  platinum  black  that  may  lead  to  serious  errors 
the  next  time  the  cup  is  used  if  proper  precautions  are  not  taken. 

3.  We  are  led  to  conclude  that  the  most  accurate  absolute 
value  for  the  electrochemical  equivalent  of  silver  is  1.11800  mg 
per  coulomb,  and  therefore  the  value  of  the  Faraday  becomes 
96  494  coulombs,  but  for  general  purposes  96  500  as  a  round 
number  is  recommended. 

«  This  Bulletin.  9,  p.  185  (Reprint  No.  194). 

»  Boltzmann  (loc.  dt.)  made  experiments  on  the  anode  liquid  and  also  found  it  without  effect  on  the 
deposited  silver. 
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4.  Inclusions  in  silver  deposits  made  on  smooth  platinum  sur- 
faces are  the  same  to  within  the  experimental  error  as  when 
deposits  are  made  on  matte  surfaces. 

5.  Inclusions  between  the  crystals  and  cup  have  been  meastu'ed 
by  an  application  of  the  conductivity  method  and  are  found  to  be 
a  neglible  part  of  the  total  inclusions,  which  with  ptue  solutions 
were  about  four  parts  in  a  himdred  thousand. 

6.  In  cases  whene  the  deposit  in  large  cups  exceeds  that  in 
small  cups  (that  is,  where  the  "volume  effect"  is  appreciable) 
we  do  not  find  that  strong  heating  of  the  deposits  diminishes  the 
difference. 

7.  Two  experiments  on  the  anode  liquid  support  the  Btu-eau's 
previous  conclusions  as  to  the  nonexistence  of  the  heavy  anode 
ion. 

Washington,  October  20,  191 5. 
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I.  PURPOSE  AND  SCOPE  OF  PAPER 

So  much  work  on  this  subject  has  been  done  during  the  last 
few  years  that  the  prospects  are  very  bright  that  a  magnetic 
examination  of  steel  will  furnish  information  of  practical  value  as 
to  its  fitness  for  mechanical  uses,  without  at  the  same  time  injuring 
or  dcstro3dng  the  specimen  under  test. 

This  paper  is  a  review  of  the  work  done  in  correlating  the  mag- 
netic and  mechanical  properties  of  steel.  The  International 
Association  for  Testing  Materials  has  designated  this  as  one  of 
the  important  problems  of  to-day  and  has  assigned  its  investi- 
gation to  a  special  committee.  A  number  of  investigators  are 
actively  engaged  on  this  problem. 

Among  the  mechanical  properties  that  have  been  studied  in 
connection  with  the  magnetic  characteristics  are  hardness, 
toughness,  elasticity,  tensile  strength,  and  resistance  to  repeated 
stresses.  The  well-known  fact  that  not  only  do  these  various 
properties  depend  upon  the  chemical  composition  and  the  heat 
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treatment,  but  that  frequently  very  slight  changes  in  the  chemical 
composition  or  the  heat  treatment  produce  very  appreciable 
effects  on  the  magnetic  and  mechanical  properties  complicates 
the  problem  considerably. 

The  ntmierical  data  of  this  paper  are  taken  substantially  as 
they  were  presented  by  the  original  investigators.  It  is  not  to  be 
asstmied  that  the  data  are  of  great  importance  as  absolute  values 
of  the  various  constants  in  question.  In  very  few  cases  have 
pure  materials  been  available  for  the  investigators.  Frequently 
the  methods  of  measurement  are  open  to  objection  and  essential 
conditions  of  the  experiment  are  not  recorded.  For  example,  the 
amount  of  manganese  in  a  carbon  steel  may  be  tmdetermined  and 
the  heat  treatment  uncertain,  although  their  influence  is  com- 
parable in  magnitude  with  that  of  carbon.  However,  as  the  pur- 
pose of  this  paper  is  to  show  that  changes  in  conditions  produce 
corresponding  changes  in  both  the  magnetic  and  the  mechanical 
properties,  uncertainties  in  the  absolute  values  will  not  vitiate 
their  usefulness  for  this  purpose. 

There  are  at  least  three  phases  of  this  subject  that  warrant 
consideration.  Of  first  importance  is  the  comparison  of  the  mag- 
netic properties  with  the  other  physical  properties  of  the  material. 
If  it  can  be  shown  that  every  variation  in  composition  and  method 
of  preparation  brings  with  it  a  corresponding  variation  in  mag- 
netic characteristics,  and,  further,  that  variations  in  magnetic  con- 
ditions are  always  accompanied  by  other  physical  variations,  then 
it  is  obvious  that  the  general  physical  characteristics  may  be 
defined  in  terms  of  the  magnetic  constants.  Whether  such  a  pro- 
cedure is  feasible  depends  upon  the  fullness  of  our  knowledge  of 
the  simultaneous  magnetic  and  mechanical  data  and  also  upon  the 
facility  with  which  the  necessary  magnetic  data  are  obtainable. 

A  second  important  phase  of  this  subject  is  the  variation  in 
magnetic  behavior  as  the  test  piece  is  subjected  to  the  influence 
of  stress.  The  correlation  here  is  so  close  that  the  strains  set  up 
in  a  stressed  bar  are  accompanied  by  simultaneous  variations  in 
the  magnetic  behavior  which  change  in  character  as  the  magnitude 
of  the  strain  with  respect  to  the  elastic  limit  changes. 

Finally,  mechanical  inhomogeneities  of  whatever  origin  are 
mirrored  by  corresponding  magnetic  inhomogeneities.  A  mag- 
netic test  may  therefore  be  of  assistance  in  detecting  flaws  in 
material  where  the  vital  characteristic  is  reliability. 
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n.  RELATION  OF  THE  MAGNETIC  TO  THE  OTHER  CHARAC- 
TERISTICS OF  STEEL 

A  number  of  experiments  have  been  made  which  show  a  rather 
dose  connection  between  the  magnetic  characteristics  and  the 
chemical  constitution.  The  following  four  curves  are  taken  from 
the  data  of  Gumlich } 


Fig.  I. — Showing  the  variaiion  of  permeability 
with  induction  for  steels  of  different  carbon 
content 

Fig.  I  shows  how  the  permeability  varies  throughout  the  coturse 
of  the  magnetization  curve  for  different  carbon  content.  This 
and  other  experimental  work  indicate  that  for  a  complete  series 
of  iron-carbon  alloys,  with  no  other  differences  than  their  carbon 
content,  the  carbon  content  is  indicated  by  the  permeability  ctirve. 

1  Oumlich.  "Masnedc  properties  ol  iroo-cttrbon  and  inxi'syiooa  alloys."  Faraday  Society  TransarHwiK 
8*  pp.  93^x4:  Z91S. 
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Fig.  2  shows  the  connection  between  the  saturation  values  of 
magnetic  induction  (that  is,  the  maximtun  values  of  B-H)  and 
the  carbon  content.  Pure  iron  has  the  highest  sattuation  value 
for  the  series.  An  addition  of  carbon  causes  a  decrease  in  the 
magnetization  at  a  rate  almost  proportional  to  the  amount  of 
carbon  added.  This  simple  relation  between  the  saturation  value 
and  the  carbon  content  holds  for  any  particular  heat  treatment. 
For  different  heat  treatments,  however,  the  saturation  value 
changes  with  the  carbon  content  at  different  rates.    A  comparison 


\s 

ioaoi,  \ 

\ 

\ 

\^a/fmmAH 

\ 

Sfii^e^fcA^i 

\ 

1 

\ 

/4Clk> 

7.C 

0                / 

J-               1. 

Fig.  2 . — Showing  the  magnetic  saturation  values 
of  steels  of  different  carbon  contention  the  an- 
nealed and  in  the  quenched  conditions 

of  the  two  curves  shows  that  the  reduction  due  to  the  presence  of 
carbon  is  less  for  the  annealed  than  for  the  quenched. 

Fig.  3  shows  the  influence*  of  carbon  on  the  coercive  force. 
Annealed  steel  has  a  coercive  force  which  increases  linearly  with 
increase  in  carbon  until  an  approximately  eutectic  alloy  is  reached. 

For  higher  carbon  contents  the  coercive  force  still  increases 
linearly  but  at  a  decreased  rate.  Steel  quenched  at  800^  C.  shows 
a  linear  increase  in  coercive  force  for  the  hypoeutectic  alloys  and 
constant  coercive  force  for  the  hypereutectics.  Quenching  at 
higher  temperatures  results  in  more  complex  relations. 
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Other  elements  than  carbon  will  reduce  the  saturation  value. 
Fig.  4  shows  the  rate  of  reduction  of  the  saturation  value  for 
various  additions  of  silicom  Here  also  the  relation  between  the 
reduction  in  the  saturation  value  and  the  percentage  of  sWoyeA 
element  is  nearly  linear. 

Waggoner'  shows  that  magnetic  h3rsteresis  and  the  maximum 
strength  of  steels  vary  in  the  same  way  with  changing  carbon 


Fig.  3. — Showing  the  variation  cf  coercive  force 
with  carbon  content  for  different  heat  ireatmenis 

content.  The  characteristic  curves  of  magnetic  and  elastic 
hysteresis  show  a  marked  similarity  of  shape.  A  comparison  of 
the  ctu^e  showing  the  relation  of  elongation  under  stress  (or 
ductility)  to  the  carbon  content  with  the  corresponding  ciu-ve  of 
magnetization  and  carbon  content  shows  a  striking  similarity, 
indicating  that  the  ductility  of  these  allo3rs  and  their  intensity  of 
magnetization  are  affected  in  the  same  way  by  the  chemical  com- 

'  Waggoatf,  "  A  retatiao  between  the  magnetic  and  the  elastic  propeKies  ol  a  aeriet  of  unhardened  iron- 
oartion  alloys/'  Fhys.  Rev..  U,  pp.  58-65;  Z9ia. 
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position.  The  maximiim  stisceptibility-<:arbon  curve  is  also  similar 
to  the  curve  of  ductility-carbon — ^that  is,  the  maximum  suscep- 
tibility decreases  with  increasing  carbon  until  the  eutectic  is 
reached  and  then  again  increases  with  increase  in  carbon  content. 
Mars  •  shows  that  for  a  series  of  iron-carbon  alloys  there  is  a 
definite  relation  between  the  Brinell  hardness  and  the  residual 
induction  as  shown  in  Fig.  5. 
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Fig.  4. — Showing  the  variation  of  the  magnetic 
saturation  vcUtie  wth  percentage  of  lilican  in 
ironrsiUcon  alloys 

Goerens  *  has  shown  the  changes  which  the  magnetic  charac- 
teristics of  a  cold-worked  steel  tmdergo  after  various  annealings. 
This  steel  was  cold-drawn  in  five  steps  from  an  initial  diameter 
of  7  mm  to  a  final  diameter  of  2.7  mm.  Fig.  6  shows  the  varia- 
tion of  the  magnetic  constants  after  annealing  at  various  tem- 
peratures. Fig.  7  shows  the  corresponding  mechanical  character- 
istics. The  mechanical  properties  are  decidedly  different  for 
annealings  below  and  above  500®.  The  same  is  true  for  the  curve 
of  maximum  permeability.    The  ctuve  of  residual  induction  shows 

*  Man.  Stahl  und  Biien.  W.  pp.  1673-1678;  1909.        *  Gowent.  Stahl  and  Bisen.  M.  pp.  sSa-afts;  19x4. 
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a  sharp  maximtim  at  500®.  The  curves  for  coercive  force  and  hys- 
teresis show  steady  decreases  with  increase  of  annealing  tempera- 
ture. In  general,  the  magnetic  characteristics  respond  to  the  an- 
nealing process  in  just  as  definite  a  manner  as  do  the  mechanical 
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Fig.  7. — Showing  the  effect  of  the  annealing  temr 
perature  on  the  mechanical  properties  of  a  m#- 
i:hanically  hardened  steel 

properties.     In  fact,  it  would  be  easier  to  deduce  the  heat  treat- 
ment from  the  magnetic  data  than  from  the  mechanical. 

Fig.  8  may  be  considered  as  typical  of  the  magnetic  behavior  of 
many  alloy  steels.  The  usual  effect  of  quenching  is  to  lower  the 
induction  curve.     Subsequent  drawing  raises  the  curve  again. 
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This  improvement  in  the  permeability  increases  with  increase  in 
drawing  temperature  up  to  a  certain  maximum  when  the  curve 
occupies  approximately  the  position  of  curve  C.  Higher  draw- 
ing temperattu'es  cause  a  reduction  in  the  permeability  and  the 
curve  approaches  approximately  the  position  of  the  annealed 
material. 

Each  curve  corresponds  to  a  given  heat  treatment  and  also  to 
rather  definite  mechanical  properties.    The  material  of  curve  B  is 
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Fig.  8. — CharaeUnstic  induction  curves  of  an  alloy  steel 

SO  brittle  that  it  is  not  usable,  while  that  of  curve  A  has  a  large 
angle  of  cold  bend,  but  does  not  possess  sufficient  strength.  The 
material  of  curve  C  has  an  ultimate  strength  several  times  that  of 
curve  i4,  accompanied  by  a  fair  degree  of  toughness.  Not  only 
do  the  normal  induction  curves  show  the  characteristic  effects  of 
heat  treatment,  but  also  the  residual  inductions  and  the  coercive 
forces  after  a  magnetizing  force  of  150  gausses  show  such  effects. 
It  is  possible  to  obtain  a  quenched  and  dr&wn  steel  whose  induc- 
tion cmve  approaches  closely  the  position  of  the  annealed  curve. 
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However,  two  such  steels  would  be  at  once  differentiated  by  their 
differences  in  residual  induction  and  coercive  force. 

Fig.  9  shows  a  set  of  characteristic  curves  for  a  spring  steel  of 
approximately  i  per  cent  carbon.  Here,  as  in  the  case  of  the 
alloy  steel,  a  high  ultimate  strength,  coupled  with  a  fair  degree  of 
toughness,  is  characteristic  of  those  curves  of  Figs.  8  and  9  which 
are  steep  and  of  relatively  high  permeability. 


FlG.  9. — ChttracterisHc  curves  of  a  cwbon  steel 

Fig.  10  shows  the  magnetic  characteristics  of  a  low-carbon  steel 
after  various  forms  of  heat  and  mechanical  treatment.  The  simi- 
larity between  the  hardening  effects  of  cold  working  and  of  quench- 
ing is  shown  by  the  similarity  of  the  magnetic  curves. 

m.  MAGNETIC  IBEHAVIOR  OF  STEEL  XTNDER  THE  mFLU- 

ENCE  OF  MECHANICAL  STRESS 

1.  R£sUMfi  OF  EARLY  WORK 

Matteuci  in  1847  noticed  that  the  magnetization  of  a  permanent 
magnet  was  increased  when  the  bar  was  subjected  to  tension. 

Villari  showed  in  1868  that  the  permeability  of  a  bar  of  siteel 
was  altered  when  the  specimen  was  subjected  to  tension.    For 
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low  inductions  this  change  is  an  increase  in  permeability,  while 
for  high  inductions  it  is  a  decrease.  The  value  of  the  induction 
at  which  tension  does  not  alter  the  permeability  is  the  "Villari 
reversal  point."  The  permeability  is  modified  by  tension  whether 
the  tension  is  applied  first  and  then  the  magnetizing  force  or  vice 
versa.  The  efiect  is  noticeable  even  after  the  tension  has  been 
applied  and  removed  before  the  magnetizing  force  is  applied. 
The  effects  of  tension  in  these  three  cases  differ  in  magnitude 
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Fig.   10. — Normal  ituluction  of  a  loiii  carbon 
sUel  under  different  conditions 

rather  than  in  nature.  The  effect  is  present  whether  a  constant 
tension  is  appUed  while  the  magnetizing  force  is  varied  or  a  vary- 
ing tension  is  applied  to  a  specimen  under  a  constant  magnetiz- 
ing force. 

There  is  a  certain  value  of  the  tension  for  which  the  induction 
is  a  maximum  for  a  given  field.  The  tension  at  which  the  induc- 
tion is  a  maximum  for  a  given  field  decreases  with  increase  in 
field.  In  very  strong  fields  this  maximum  may  even  disappear, 
so  that  the  effect  of  any  tension  is  to  diminish  the  induction.     On 
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the  other  hand,  in  very  weak  fields  the  induction  may  increase 
with  increase  in  tension  for  all  stresses  within  the  elastic  limit. 

All  these  effects  are  complicated  by  the  phenomena  of  hysteresis 
and  the  initial  changes  are  different  from  those  that  occur  after 
the  cycle  of  changes  has  been  passed  through  several  times. 

J.  J.  Thomson,  by  a  course  of  dynamical  reasoning,  has  shown 
that  there  is  a  reciprocal  relation  between  the  changes  in  dimen- 
sions produced  on  magnetization  and  the  changes  in  magnetiza- 
tion produced  by  mechanical  strain.     From  this  theoretical  con- 
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sideration  it  is  possible  to  foretell  one  set  of  phenomena  from  the 
data  on  the  other.  Both  sets  of  phenomena  have  been  carefully 
investigated  and  the  reciprocal  relation  verified  experimentally. 

2.  FOR  STRESSES  BELOW  THE  ELASTIC  LWir 

Pigs.  II  to  1 6  are  taken  from  an  article  by  Smith  and  Sher- 
man '  and  illustrate  in  detail  the  m^;netic  changes  due  to  tension 
and  compression. 

*  Smitli  and  Sbcnuu.  Phy*.  Rn..  N.  S..4.iip.  i^r-t7i:  i»i4. 
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In  this  investigation  the  materials  studied  were  rail  steel,  mild 
steel,  and  silicon  steel  such  as  used  in  transformer  plate.  Test 
samples  60  cm  long  and  i  cm  in  diameter  were  subjected  to 
various  tensions  and  compressions  and  the  magnetic  induction 
curves  simultaneously  determined  by  the  Burrows  method. 

If  a  low  magnetizing  force  is  applied  to  a  rod  tmder  compression 
with  a  successively  decreasing  load,  the  permeability  gradually 
increases  with  a  steady  decrease  in  this  rate  of  increase  as  zero 
load  is  approached.     If  tension  is  applied,  the  permeability  still 


Fig.  12 

increases  at  a  diminishing  rate  until  a  certain  value  of  load  is 
reached  at  which  the  increase  ceases.  For  larger  loads  the  per- 
meabiUty  becomes  smaller  as  more  tension  is  applied.  The  change 
in  rate  seems  nearly  constant  and  in  the  same  direction  throughout. 
In  all  the  samples  the  Villari  reversal  was  found  for  tension,  but 
not  in  all  cases  for  compression,  although  the  form  of  the  ctirve 
indicated  that  at  higher  inductions  the  reversal  might  be  expected 
for  compression  also.  The  effect  of  compression  was  to  decrease 
the  permeability  at  low  values  of  H  and  to  increase  it  at  high 
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values  of  i/,  but  in  much  greater  degree  than  the  corresponding^ 
changes  due  to  tension.  The  stresses  ranged  from  a  tension  of 
2500  kg  per  square  centimeter  to  a  compression  of  1000  kg  per 
square  centimeter. 

Magnetizing  forces  from  30  to  55  gausses  were  used.  The  great- 
est change  in  permeability  was  found  in  wrought  iron,  which  showed 
at  a  magnetizing  force  of  15  a  decrease  from  14  200  gausses  to 
8600  gausses  under  a  compression  of  1000  kg  per  square  centi- 
meter. 


Fio.  13 

The  complicated  maimer  in  which  the  magnetic  induction  varies 
with  the  tension  for  different  magnetizing  forces  is  brought  out 
in  Figs.  17,  18,  and  19.'  Fig.  17  shows  that  for  moderate  values 
of  the  magnetizing  force  the  induction  is  always  increased  by  the 
application  of  a  small  tensile  load  and  decreased  by  a  large  load. 
The  intermediate  load,  which  produces  a  maximum  induction  for 
the  corresponding  magnetizing  force,  is  greatest  for  low  magnetiz- 

*  Pigs.  X7-X9,  93-35,  fu^<l  >7  Arc  taken,  with  some  modification,  from  the  thesis  of  Paul  D,  Herica,  "Ueber 
Bezidimigen  zwisdien  den  mechanischen  mid  den  magnetiscfaen  Eigensdiaften  einigen  Mctalle  bei  da^ 
tischen  mid  plastischen  Ponnandenmgen,"  Diss.  Berlin;  19x4. 
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ing  forces  and  decreases  as  the  magnetizing  force  increases,  as 
shown  in  Fig.  18.  The  numerical  value  of  the  maximum  increase 
produced  by  tension  varies  through  wide  limits,  as  shown  by  Fig.  19. 

Fig.  20^  shows  the  hysteresis  in  the  magnetic  induction  when 
the  tension  is  varied  in  a  cyclic  manner.  It  also  shows  the  dif- 
ference between  the  variation  of  magnetic  induction  when  the 
load  is  first  applied  and  that  which  occurs  in  succeeding  cycles. 

Fig.  21  presents  in  a  slightly  different  form  this  same  magnetic 
hysteresis  after  a  change  in  tension.  The  magnetic  effect  of  any 
mechanical  stress  depends  not  only  upon  the  existing  stress  but 
also  upon  the  previous  stresses  which  have  been  impressed  upon 
the  specimen.  Work  done  by  the  author  tends  to  show  that  this 
aftereffect  of  a  given  load  is  reduced,  if  not  completely  obliter- 
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ated,  with  the  lapse  of  time.  Merica  shows  that  if  the  elastic  limit 
has  not  been  passed  the  magnetic  effect  of  any  stress  may  be 
wiped  out  by  demagnetization. 

In  the  experiment,  the  results  of  which  are  shown  in  Fig.  22, 
the  test  piece  was  strained  beyond  the  elastic  limit.  At  several 
stages  the  load  was  held  constant  while  the  bar  was  demagnetized 
and  its  induction  determined.  The  hysteresis  in  both  the  mag- 
netic and  mechanical  properties  is  worthy  of  note.  For  stresses 
within  the  elastic  limit  neither  mechanical  nor  magnetic  curve 
shows  any  hysteresis.  We  must  not  confuse  the  procedure  of  this 
experiment  with  that  of  Fig.  20,  in  which  the  magnetizing  force 

was  applied  continuously  without  intermediate  demagnetization. 

• 

'  Pigs.  9«,  31,  and  a6  are  taken,  with  some  modification,  from  Ewing,  "Magnetic  induction  in  iron  and 
other  metab." 

50239^—16 2 
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3.  FOR  STRESSES  GREATER  THAN  THE  ELASTIC  LIMIT 
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The  magnetic  behavior  of  a  bar  under  tension  is  altered  by 
stressing  beyond  the  elastic  limit.  The  influence  of  stretching  is 
shown  in  Fig.  23,  where  it  is  evident  that  both  the  contotu:  and  mag- 
nitudes of  the  curves  are  changed.  Fig.  24  shows  how  the  tension 
required  to  give  the  maximum  induction  for  a  given  magnetizing 
force  varies  with  the  elastic  limits  which  have  restdted  from  pre- 
vious stretching.  The  cmve  for  the  upper  magnetizing  force  is 
so  nearly  a  straight  line  that  it  is  possible  to  determine  intermedi- 
ate elastic  limits  from  the  magnetic  data. 


Fig.  is 

Fig.  25  shows  the  manner  in  which  the  magnetic  fluxvlecreases 
during  the  elongation  of  the  bar.  The  decrease  in  flux  is  not  pro- 
portional to  the  elongation,  so  that  it  is  evident  that  there  is  some 
change  other  than  a  decrease  in  cross  section  taking  place  within 
the  bar.  It  is  further  evident  that  the  greater  part  of  this  struc- 
tural change  takes  place  during  the  initial  elongations. 
,  The  magnetic  properties  of  all  magnetic  materials  are  modified 
under  tension,  though  not  all  in  the  same  manner.     Nickel,  for 
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instance,  shows  an  increased  magnetic  induction  under  compres- 
sion and  a  decreased  induction  under  tension,  while  iron  shows 
the  reverse.  Pig.  26  gives  some  idea  of  the  magnitude  of  these 
magnetic  changes  in  nickel. 

Pig.  27  shows  the  variation  in  induction  with  increase  of  tension 
for  a  sample  of  nickel  steel.  The  change  in  induction  as  the 
tension  reaches  the  elastic  limit  is  very  marked,  both  in  the 
annealed  and  the  stretched  condition. 


Fig.  16 


A  general  view  of  the  efifect  that  tension  below  the  elastic  limit 
will  have  on  a  given  material  is  obtained  by  a  consideration  of 
the  curves  of  magnetostriction,'  Pig.  28.  If  a  material  shows 
elongation  for  a  given  field,  it  also  shows  increased  induction 
tmder  tension,  and  vice  versa,  for  the  same  field. 

(a)  Experiments  of  Fraichet." — Method. — ^The  bar  under  test 
is  placed  in  a  tensile  testing  machine  and  the  jaws  sepa* 
rated    at    a    constant    velocity.     A    solenoid   which   surrounds 

*  S.  R.  Williams.  Phys.  Rev..  84.  p.  44:  19x2. 

*  t,.  Praidiet,  "NoinreOe  m^thode  d'  essai  des  m^tauz  macn^tiques,"  Ed.  Elc..  S6,  pp.  361-3^  and 
4x3-433;  1903. 
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the  test  bar  carries  the  magnetizing  current.  A  small  test  coil 
also  surrounding  the  test  specimen  is  connected  to  a  suitable 
galvanometer.  This  test  coil  is  linked  with  the  flux  in  the  bar 
imder  tension  and  any  change  in  this  flux  gives  rise  to  a  correspond- 
ing emf  which  is  indicated  by  the  deflection  of  the  galvanometer. 
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Fig.  17. — Showing  the  effect  of  tension  on  the  mag^ 
netization  under  different  field  strengths 

Causes  of  flux  variation. — ^The  flux  may  vary  from  any  or  all  of 
three  causes:  (i)  The  reluctance  of  the  joints  and  parts  of  the 
magnetic  circuit  other  than  the  specimen  may  change;  such 
variations  occur  when  the  tension  is  first  applied  but  die  out  as 
soon  as  the  grips  of  the  machine  make  good  contact  with  the 
specimen',  (2)  the  reluctance  will  decrease  as  the  continued  ap- 
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FlO,  i8. — Sylom<^g  Ibt  tension  required  to  pro- 
duce tht  maximum  irtductionfora  givtnjUld 


Fig.  19. — Siufmng  tht  maximum 
incrtase  in  induetiott  vikick  can 
bt  proditctd  by  fention 
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Fia.  20. — Sherwing  the  changes  in  mag- 
neiic  indiKtion  due  to  the  loading  and 
unloading  of  a  bar  under  a  constant 
magnetiting  fore* 
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plication  of  tension  causes  the  bar  to  decrease  in  cross  section; 
(3)  changes  in  the  molecular  structure  of  the  metal  due  to  the 
cold  working  will  probably  cause  changes  in  reluctance.     Changes 


Fig.  ai. — Showing  the  *fftct  on  the  magnetic  induction  due  to 
loads  -which  have  been  applied  and  removed  b^ore  the  magrut- 
iting  force  is  applied 


n  Ike  magnetic  and  the 

mechanical  properties  of  a  steel  under  a  changing 
tensile  force  whose  maximum  exceeds  the  elattic 

in  the  cross  section  will  be  manifested  by  gradual  changes  in 
reluctance,  while  changes  in  the  structure  will  take  place  more 
or  less  suddenly. 
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In  Fig.  29  the  variation  of  magnetic  flux  is  plotted  against  the 
time  since  the  tension  machine  was  started.  Curve  //,  which 
may  be  taken  as  a  typical  curve  of  this  type,  shows  several  well- 
defined  regions.  The  initial  deflection  of  the  galvanometer  is 
positive  and  may  be  accounted  for  by  improvement  in  joint 
contacts  and  the  well-known  increase  in  permeability  due  to 


Fio,  33. — Showing  now  tlia  effect  of  Unsion  a 
magn*Uc  propertiti  u  modified  bf  cold  ivorking 

tension.  This  region  is  of  no  particular  importance  in  the  present 
series  of  experiments  and  may  exhibit  many  apparent  irreg- 
ularities. The  second  region  is  one  indicating  a  decreasing  flux 
and  ends  with  the  point  of  maximum  rate  of  decrease.  This 
point  corresponds  to  the  limit  of  proportionality  between  stress 
and  strain.  This  is  the  true  elastic  limit  which  we  may  define 
as  the  maximum  load  whose  momentary  application  produces  no 
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marked  modification  in  dimensions  of  the  bar  nor  in  physical  or 
chemical  properties  of  the  metal 

The  third  region  is  one  of  more  or  less  violent  vibrations  of  the 
galvanometer.  These  magnetic  distm-bances  begin  at  the  yield 
point  of  the  metal,  which  is  spoken  of  as  the  "apparent  elastic 
limit."  The  fomlh,  or  plastic  region,  is  one  of  gradual  decreasing 
galvanometer  deflections  terminated  by  a  sudden  but  slight  drop 
at  the  commencement  of  stricture.  The  last  region  shows  a 
rapidly  increasing  reluctance,  and  terminates  at  rupture. 
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Fig.  a4. — Showing  how  the  elastic  limit  of  a  series  of 
cold-forked  steels  varies  with  the  stress  required  to 
give  tnaxifnutn  induction  for  a  given  field 

The  other  curves  of  Fig.  29  show  that  the  nature  of  these  main 
characteristics  is  not  altered  by  the  value  of  the  magnetizing  cur- 
rent employed.     Fig.  30  shows  the  change  in  tension  with  time. 

If  in  the  initial  bar  the  hardness  of  the  volume  elements  varies 
continuously  from  one  part  of  the  bar  to  another,  the  molecular 
transformation  of  the  same  elements  takes  place  m  a  contmuous 
manner.  This  is  what  we  observe  in  a  quenched  bar.  The  struc- 
ture of  the  metal  varies  continuously.  The  galvanometer  deflec- 
tion at  first  increases,  passes  through  a  maximum  corresponding 
to  the  true  elastic  limit,  and  finally  decreases  with  a  regularity 
dependent  upon  the  initial  homogeneity. 

If  the  distribution  of  hardness  is  discontinuous  the  molecular 
transformation  of  the  bar  will  be  equally  discontinuous,  as  indi- 
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cated  by  the  variations  in  the  galvanometer  deflections  after  the 

limit  of  true  elasticity  is  reached.     We  observe  these  phenomena 

in  bars  of  soft  iron  or  annealed  steel. 

An  annealed  bar  is  therefore  composed 

of  elements  of  varying  hardness.    Cold 

working  reduces  the  number  of  these 

groups,  and  consequently  produces  an 

elevation   of    the    true    elastic    limit. 

Quenching  gives  the  same  hardness  to 

all    those    elements    situated    on   the    tSOOC 

same  concentric   layer.    A    quenched 

bar  is   therefore   composed  of    layers 

having  a  hardness  decreasing  from  the 

outside  inward. 

When  the  hardest  elements  have 
been  transformed  by  the  cold  working, 
the  flux  varies  only  as  a  result  of  change 
in  dimensions.  The  elements  glide  one 
over  the  other.  The  specific  load  cor- 
responding to  the  commencement  of 
the  plastic  period  is  easily  measured, 
and  in  the  opinion  of  Fraichet  may 
characterize  completely  the  material. 

Cold  working  acts  on  all  the  elements 

of  volume  and  renders  the  bar  homoge-    ^O*  ^S- — Showing  the  decrease  in 

neous,  and  consequently  the  true  elastic      "^"^'^  '"^"''^  cotrupcul. 

'  .  .  *^9    ^    ^   given  magnetizing 

limit  approaches  the  plastic  load,  which,       force  when  the  test  specimen  is 

in  turn,  approaches  the  ultimate.      The        stretched  beyond  the  elastic  limit 

effect  of  cold  working  is  shown  in  Fig.  31.    On  the  first  loading  we 
pass  the  true  elastic  limit  below  4800  and  at  4800  the  metal  is 
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Fig.  a6. — Shqfudng  how  the  magnetization  curve  of  nickel  changes 
under  tension  and  under  compression 

yielding.     When  the  load  is  removed  and  reapplied  the  true  elas- 
tic limit  is  raised  to  4800  and  the  yield  point  is  about  4850.     Re- 
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Fig.  37. — Showing  the  variation  of  magnetic  induction 
with  tension  for  nickel  steel 


Fig.  28. — Magnetostriction  curves 
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moving  the  load  again  and  reapplying  it  results  in  a  true  elastic 
limit  of  4850,  followed  immediately  by  the  plastic  yield  and  final 
rupture.     In  other  words,  the  bar  is  homogeneous. 
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Pig.  39. — Showing  magnetic  changes  in  a  bar  loaded  to  the  point 

of  rupture 

Fig.  32  shows  characteristic  magnetic  curves  for  test  bars  of  the 
same  composition,  but  of  different  heat  treatments. 

The  true  elastic  limit  is  easily  determined  by  this  magnetic 
method,  and  corresponds  to  a  critical  point  of  molecular  equilib- 


FiG.  30. — Showing  the  changes  in  tension  and 
in  the  magnetic  properties  when  the  tensile 
machine  motor  is  driven  uniformly   . 

rium.  The  apparent  elastic  limit  or  yield  point  is  a  ftmction  of 
the  previous  working  of  the  metal,  and  consequently  does  not 
characterize  the  metal.  The  nature  of  the  material  is  best  indi- 
cated by  the  specific  plastic  load. 
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Fraichet*®,  elsewfiere  in  a  paper  on  **  Sudden  variations  in 
reluctance  of  a  magnetized  steel  bar  submitted  to  fracture  as 
related  to  Luder's  lines/'  notes  the  appearance  of  lines  on  the 
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FlG.  31. — Showing  how  the  cold  working  of  successive  loadings 
beyond  the  eUistic  limit  changes  the  magnetic  and  m^hanical 
properties 
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Fig.  3!. — Showing  how  the  magnetic  changes  in  a 
bar  subjected  to  tension  up  to  the  point  of  rup- 
ture depend  upon  the  previous  heat  treatment 

surface  of  a  test  bar  of  steel  imder  a  tensile  force  which  corre- 
spond exactly  with  a  sudden  variation  in  the  magnetic  reluctance 
of  the  bar.     It  seems  highly  probable  that  the  same  cause  gives 


10  Praichet:  C.  R.,  188,  pp.  355-356:  X904. 
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rise  to  both  these  phenomena.  Whenever  the  formation  of  fresh 
lines  is  observed  the  variation  in  reluctance  is  discontinuous,  while 
no  new  lines  are  formed  as  long  as  the  variation  in  reluctance  is 
not  abrupt. 
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Fig.  33. — Showing  tkg  magnetic  induction  under  load  and  cfter  the  removal 

0/  load 

In  Fig.  33  curve  A  shows  the  variations  in  magnetic  induction 
of  a  bar  of  machinery  steel  under  various  loads  in  tension.  The 
induction  increases  with  initial  load  up  to  a  maximum  and  then 


Fig.  34. — Showing  the  variations  in  induction  for  different  parts  of 

a  bar  during  tension 

decreases.  At  a  load  which  corresponds  roughly  to  the  elastic 
limit  the  induction  decreases  abruptly.  Curve  B  shows  the  in- 
ductions obtained  after  the  loads  indicated  by  the  abscissae  have 
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been  applied  and  removed.  This  ciu^e  is  almost  a  straight  line 
throughout  the  greater  part  of  its  length  and  falls  oflf  abruptly 
as  the  elastic  limit  is  reached. 

Fig.  34  shows  curves  of  induction  under  load  in  which  the  varia- 
tion in  the  induction  over  three  sections  of  the  bar  lo  cm  apart 
were  determined.  The  break  occtured  over  the  section  95,  which, 
although  it  had  the  greatest  induction  for  initial  loads,  showed 
the  lowest  induction  at  loads  approximately  the  breaking  strength. 
As  the  material  began  to  yield,  the  load  was  decreased  slightly, 
with  a  corresponding  rise  of  induction  as  shown.  If  we  assume 
that  initially  the  greater  part  of  the  material  at  section  95  was 
under  some  internal  tensile  strain,  we  have  at  once  the  explana- 
tion of  the  higher  initial  induction  and  the  lower  final  induction, 
together  with  the  rupture  at  this  section. 

IV.  HmOMOGENEITIES  AND  FLAWS 

When  a  bar  of  steel  is  placed  in  a  magnetic  field  the  magnitude 
of  the  induction  and  other  magnetic  phenomena  is  determined 
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Fig.  35. — Showing  irregularities  in  distribution  of 
flux  in  a  rod  which  has  been  rendered  nonhomo' 
geneous  by  stamping  numbers  as  indicated  by 
the  arrovfs 

by  the  nature  and  amount  of  material  present.  From  this  it 
follows  that  if  a  magnetic  exploration  is  made  along  the  length  of 
a  bar,  magnetic  variations  may  be  expected  in  nonhomogeneous 
material.     The  following  experiments  bear  this  out. 

In  Fig.  35"  is  shown  the  variations  in  magnetic  induction  in  a 
bar  which  forms  one  side  of  a  rectangular  magnetic  circuit  and  is 
magnetized  by  a  surroimding  solenoid.  The  upper  ctu-ve  shows 
the  normal  variation  of  flux  in  a  bar  which  is  approximately  uni- 

"  Burrows.  Bull.  Bttreau  of  Standards.  6,  p.  6a.  1909  (Reprint  No.  4x7). 
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form.  The  lower  curve  shows  the  variation  of  flux  in  the  same 
bar  after  a  single  number  has  been  stamped  on  the  bar  at  each  of 
the  points  indicated  by  the  arrows.  The  magnetic  changes  pro- 
duced by  the  stampings  are  evidenced  by  a  decided  reduction  in 
the  induction  at  these  points. 

Fig.  36^*  shows  the  variation  in  permeability  along  the  lengths 
of  each  of  two  bars  both  before  they  have  been  distorted  (dotted 
lines)  and  after  they  have  been  bent  through  a  given  angle  and 
then  restraightened  (solid  lines).  After  this  last  operation  each 
bar  was  broken  in  a  tensile  testing  machine.  The  permeability 
shows  a  remarkable  change  due  to  the  bending.     In  the  imme- 
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FlG.  36. — FWx  distribution  of  a  bar  (fefore  and  (^ter  bending  and 

festraighUning 

diate  neighborhood  of  the  bend  there  is  a  region  of  increased  per- 
meability and  close  to  it  a  region  of  decreased  permeability.  In 
each  case  the  rod  broke  in  the  region  of  maximum  permeability. 
In  this  connection  we  may  refer  back  to  Fig.  34,  where,  it  was 
noted,  the  break  occiured  over  the  section  which  had  initially  a 
maximum  permeability. 

The  magnetic  homogeneity  of  a  bar  may  be  investigated  in 
terms  of  the  flux  distribution  when  placed  in  a  magnetic  field. 
With  a  single  stationary  coil  one  may  measure  the  total  flux. 
With  two  opposing  stationary  coils  the  magnetic  leakage  may  be 


"  Figs.  34  and  36  are  taken  from  a  paper  by  the  author  presented  before  the  American  Physical  Society, 
April.  19x3. 
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measured.  With  two  opposing  and  movable  test  coils  the  varia- 
tion in  leakage  may  be  measured.  Mr.  Sanford,  of  the  magnetic 
section  of  the  Bureau  of  Standards,  has  perfected  the  details  of 
this  last  method  of  examination  and  the  author  is  indebted  to  him 
for  the  following  ctu-ves  showing  certain  characteristic  conditions. 
In  Fig.  37  are  plotted  the  observations  on  seven  bars  which  were 
originally  homogeneous  as  shown  by  a  preliminary  examination 
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Flo.  37. — Mechanical  inhomogeneities  as  shown  by  variations  in 

the  rate  of  change  of  leakage 

and  were  later  rendered  inhomogeneous  in  the  manner  indicated. 
Ctu-ve  A  is  the  record  of  a  uniform  rod  and  is  similar  to  the  records 
of  the  other  rods  before  modification.  The  criterion  of  a  uniform 
rod  is  an  approximately  straight  line.  An  upward  projection 
indicates  a  magnetically  hard  spot  and  a  downward  projection 
indicates  a  soft  spot.  The  sharp  upward  projection  of  B  is  due  to  a 
saw  slot  3  mm  deep  in  a  rod  of  1 2 . 7  mm  diameter.     Rod  C  was  bent 
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through  an  angle  of  10^  aild  straightened,  while  D  was  repeatedly 
compressed  between  the  jaws  of  a  small  clamp  operated  by  a  thumb- 
screw. In  each  of  the  cases  the  magnetic  inhomogeneity  is  similar 
to  that  caused  by  the  saw  slot.  In  C  the  bar  was  heated  by  a  small 
flame  and  cooled  in  air.  The  resulting  softness  is  apparent  from 
the  downward  projection  of  the  curve.  F  was  heated  over  a 
greater  length  and  quenched.  The  resultant  hardness  extends 
over  a  greater  length,  as  might  be  expected.  G  is  a  bar  which 
was  cut  in  half  and  put  together  with  a  threaded  joint  and  carefully 
finished  surfaces,  so  that  it  presented  the  appearance  of  a  contin- 
uous bar.     The  projection  due  to  this  treatment  is  striking. 


/^s  B^eived 


^3^/ft  /O  *anof  r^^^^Straightenecf 


A/Jnea/ed 


Fig.  38. — Shewing  the  effect  of  bending  and  restraightening  and  of 
annealing  on  the  magnetic  homogeneity  along  the  length  of  a  bar 

In  Fig.  38  records  are  made  of  a  bar  as  received,  after  bending 
and  restraightening,  and  after  annealing.  It  is  to  be  noted  that 
the  cold  bending  produces  a  marked  inhomogeneity  which  is 
entirely  removed  by  subsequent  annealing. 

Such  tests  as  these  which  indicate  the  presence  of  mechanical 
strains,  coupled  with  the  fact  that  such  strains  may  be  relieved  by 
heating  to  a  temperature  below  which  structiu*al  changes  occur, 
open  up  a  wide  field  of  possible  applications. 

1.  INHOMOGENEmBS  IN  STBBL  RAILS 

At  the  present  time  the  author  is  carrying  on  an  investigation 
of  the  magnetic  inhomogeneities  along  the  length  of  steel  rails. 

The  rail  to  be  examined  and  a  similar  rail  are  placed  side  by  side. 
The  rail  imder  test  is  surrounded  by  a  narrow  test  coil  which  is  in 
electrical  connection  with  a  galvanometer.  Surrounding  the  rail  for 
some  distance  on  each  side  of  the  test  coil  are  two  magnetizing  sole- 
noids.   Opposite  these  two  solenoids  and  surrounding  the  auxiliary 
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rail  are  two  similar  solenoids.  The  test  coil  and  solenoids  are  rigidly 
connected  together  and  mounted  on  a  carriage  which  is  free  to 
travel  along  the  test  rail  and  its  companion  rail.  Fig.  39  is  a 
photograph  of  a  pair  of  rails  with  the  coils  in  place.  Underneath 
the  carriage  is  shown  the  electric  motor  which  drives  the  apparatus 
along  the  length  of  the  rails. 

Any  change  in  the  magnetic  induction  in  the  test  rails  manifests 
itself  by  a  deflection  of  the  galvanometer  coil.  The  position  of 
the  galvanometer  coil  is  recorded  by  means  of  a  spot  of  light 
reflected  onto  a  photographic  film.  In  order  to  make  a  contin- 
uous record  the  film  is  driven  at  a  uniform  rate  by  an  electric 
motor.  The  galvanometer  and  recording  apparatus  are  shown 
in  Fig.  40.  A  great  many  modifications  of  the  method  of  ex- 
ploration were  made.  Some  of  the  records,  for  example,  were 
taken  with  one  test  coil  surrounding  each  rail  and  coupled  so 
that  the  emfs  generated  opposed  each  other. 

To  explore  the  length  of  a  rail  the  current  in  the  magnetizing 
solenoid  is  adjusted  and  the  electric  motors  driving  the  carriage 
and  the  film  started  simultaneously. 

In  this  preliminary  work  in  order  to  get  some  idea  of  the  im- 
portance of  the  magnetic  irregularities  observed  several  artifi- 
cial defects  were  made  in  some  ordinary  100-pound  rails  which 
happened  to  be  available.  These  rails  had  all  been  in  service 
and  had  been  submitted  to  the  bureau  because  of  suspected 
imperfections.  In  general,  they  are  from  the  same  heat  as  other 
rails  which  have  caused  wrecks  or  otherwise  failed  in  service. 

In  order  to  simulate  the  effect  of  a  transverse  fissure  a  saw 
slot  I  mm  wide  cutting  away  about  10  per  cent  of  the  section  of 
the  rail  was  made.  This  slot  was  filled  in  with  high  permea- 
bility transformer  iron  and  the  surface  thus  filled  in  was  smoothed 
down  with  a  file. 

Fig.  41  shows  the  magnetic  effect  of  the  saw  slot  very  clearly. 
In  a  later  test  of  this  same  saw  slot  without  the  soft  iron  filling 
the  galvanometer  deflection  was  so  violent  that  the  spot  of  light 
went  far  beyond  the  boimds  of  the  film.  In  either  case  the 
magnetic  test  shows  the  position  of  the  slot  within  i  cm.  On 
another  rail  a  similar  slot  was  cut  into  the  base  and  gave  a  record 
of  similar  characteristics. 

To  determine  whether  this  method  would  detect  a  flaw  in  the 
web  of  a  rail,  records  of  the  magnetic  condition  were  made  with 
holes  drilled  in  the  web.    The  effects  of  holes  of  various  sizes  are 
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Fig.  39- — Photograph  of  rail-exploring  apparatut 


Fio,  40. — Photograph  of  recording  apparatus  used  in  the  e' 
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shown  in  Fig.  41.  It  is  quite  evident  that  such  a  defect  does 
make  itself  known  by  the  magnetic  exploration,  and  that  the 
magnetic  importance  is  proportional  to  the  size  of  the  hole. 

In  addition  to  the  effects  of  the  saw  slot  in  the  head  and  the 
holed  drilled  in  the  web,  several  other  observations  may  be  made 
on  Fig.  40.  The  fact  that  the  records  are  not  all  of  the  same 
length  is  due  to  slightly  different  rates  of  travel  of  the  car  in  the 


/y 


Fig.  41. — Photographic  record  of  inhomogeneiiics  in  a  standard  steel  rail  after  service, 

showing  the  effect  of  artificial  flaws 

various  cases.  The  breaks  in  the  curves  are  caused  by  shading 
the  recording  light  beam  at  intervals  corresponding  to  a  carriage 
travel  of  50  cm.  The  consistency  with  which  the  magnetic  record 
repeats  itself  is  quite  evident  from  an  examination.  All  the 
principal  characteristics  and  most  of  the  minor  details  of  one 
ctu^e  are  reproduced  in  the  other  two.  The  marked  magnetic 
inhomogeneity  noticed  at  the  left  of  these  records  is  due  to  some 
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unknown  characteristic  of  this  region  of  the  rail  which,  as  yet, 
we  have  not  had  time  to  investigate. 

In  Fig.  42  of  another  rail  the  record  shows  a  wa\7'  form  of 
remarkable  uniformity.  It  appears  from  a  comparison  of  the 
magnetic  record  with  the  tie  marks  on  the  rail  that  there  is  a 
cycle  of  magnetic  variation  which  repeats  itself  at  distances 
equal  to  the  spaces  between  ties.  The  portion  of  the  rail  over 
the  tie  is  magnetically  harder  than  the  intermediate  portions. 
This  is  of  considerable  interest  because  of  the  fact  that  rail  failures 
occur  more  frequently  over  the  ties  than  in  the  interspaces.  The 
irregularity  in  the  middle  of  the  curve  is  worthy  of  comment. 
At  the  point  A  the  curve  shows  a  relative  hardening  instead  of 
the  maximum  of  magnetic  softness  that  might  be  expected. 
The  rail  head  was  carefully  examined  in  this  region  and  was  found 


Fig.  42. — Photographic  record  of  a  standard  steel  rail  after  service ^  showing  the  effect  of 

tie  strains  and  local  hard  spots 

to  have  imbedded  in  it  a  ninnber  of  nodules  of  a  metal  of  finer 
texture  and  greater  hardness.  It  has  been  suggested  that  these 
may  be  small  fragments  from  the  rolls. 

Quite  an  ingenious  application  of  the  fact  that  mechanical 
inhomogeneities  are  accompanied  by  corresponding  magnetic 
variations  was  made  by  McCann  and  Colson"  in  1908. 

The  apparatus  consists  essentially  of  a  solenoid  surrounding 
the  mine  hoist  cable  to  be  tested  and  connected  in  series  with  a 
suitable  current  source  and  measuring  instrument.  Any  variation 
in  the  magnetic  constants  of  the  cable,  due  either  to  the  breaking 
of  individual  strands  or  hardening  caused  by  excessive  strains,  is 
indicated  as  soon  as  the  defective  portion  passes  through  the 
apparatus.  Suitable  recording  apparatus  is  provided  so  that  a 
test  of  the  entire  cable  is  made  every  time  the  car  travels  the 
length  of  the  shaft. 

'*  Western  Electrician,  48,  pp.  76-77;  1908. 
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V.  CONCLUSIONS 

The  experimental  evidence,  of  which  only  a  small  portion  has 
been  presented  in  this  paper,  seems  to  point  to  the  conclusion 
that  there  is  one  and  only  one  set  of  mechanical  characteristics 
corresponding  to  a  given  set  of  magnetic  characteristics,  and  con- 
versely  there  is  one  and  only  one  set  of  magnetic  characteristics 
corresponding  to  a  given  set  of  mechanical  characteristics. 

Although  there  is  no  evidence  to  refute  the  preceding  rather 
broad  statement,  the  utility  of  this  generalization  is  decidedly 
limited  by  the  complexity  of  the  relations  due  to  the  large  niunber 
of  variables  and  the  lack  of  sufficient  quantitative  data.  Quan- 
titative data,  however,  are  gradually  being  obtained  by  the  author 
and  others  who  are  working  on  this  problem.  The  application 
of  the  magnetic  tests  is  further  limited  by  practical  difficulties  in 
testing  irregular  shapes.  Even  with  these  Umitations,  magnetic 
testing  in  conjunction  with  mechanical  testing  may  be  expected 
to  be  of  considerable  value  in  determining  mechanical  properties. 

It  has  been  shown  that  magnetic  observations  taken  dtuing  the 
course  of  a  tensile  test  indicate  the  time  when  the  true  elastic 
limit,  the  yield  point,  the  necking  down  point,  and  the  ultimate 
strength  are  reached.  In  addition,  the  magnetic  data  give  some 
idea  of  the  uniformity  of  the  material. 

If  it  is  once  determined  what  treatment  is  requisite  for  a  given 
steel,  a  magnetic  test  may  'be  used  to  determine  whether  or  not 
the  material  has  been  brought  into  the  desired  condition. 

It  is  quite  possible  that  the  magnetic  data  may  be  used  to 
define  a  bar  of  steel.  In  no  other  manner  than  by  a  magnetic 
examination  is  it  possible  without  doing  violence  to  the  specimens 
to  determine  whether  two  steel  bars  are  identical  in  properties. 

A  determination  of  the  magnetic  imiformity  of  a  piece  of  steel 
may  be  used  as  an  index  of  the  mechanical  homogeneity. 

A  magnetic  test  indicates  the  character  of  the  entire  cross  sec- 
tion of  the  metal,  rather  than  merely  a  smiace  phenomenon,  as  in 
the  case  of  certain  hardness  tests. 

Notwithstanding  the  possibilities  of  the  magnetic  test,  it  must 
be  remembered  that  at  present  they  are  possibilities  only.  Before 
the  magnetic  characteristics  can  be  of  much  practical  importance 
a  great  deal  of  investigation  is  necessary  and  a  large  number  of 
accurate  measurements  on  specimens  of  known  chemical  compo- 
sition and  heat  treatment  must  be  made. 


2o8  Bulletin  of  the  Bureau  of  Standards  [VoLx$ 

Before  a  magnetic  test  can  be  of  service  as  an  indicator  of  the 
mechanical  characteristics  in  any  particular  case,  preliminary 
work  must  be  done  to  determine  the  most  suitable  magnetic  data 
and  also  the  minimum  amount  which  will  give  the  desired  informa- 
tion. Among  the  magnetic  characteristics  which  may  be  used  are 
permeability,  residual  induction,  coercive  force,  hysteresis  energy, 
etc.,  and  each  of  these  may  be  taken  in  connection  with  any  one  of 
a  great  number  of  magnetizing  forces. 

For  a  concrete  case,  suppose  that  the  problem  is  to  devise  a 
magnetic  test  for  a  steel  spring  or  a  crank  axle.  The  preliminary 
investigation  would  take  some  such  course  as  the  following: 

1.  Determination  of  magnetic  normal  induction  curves  and 
hysteresis  data  for  test  pieces  made  of  the  materials  to  be  tested 
and  submitted  to  the  various  heat  and  mechanical  treatments  that 
may  be  expected  in  practice. 

2.  Comparison  of  the  above  magnetic  data  with  the  correspond- 
ing mechanical  data  and  the  determination  of  the  most  suitable 
magnetic  data  to  use. 

3.  Working  out  of  the  experimental  details  so  that  the  required 
magnetic  measurements  may  be  made  on  the  full-size  commercial 
specimen. 

4.  Checking  out  of  magnetic  and  mechanical  data  on  the  full- 
size  specimens  to  be  sure  that  the  same  conditions  are  fulfilled  as 
in  the  case  of  the  original  test  pieces. 

Operations  1,2,  and  4  are  time  consuming,  but  do  not  offer  any 
great  difficulties  that  can  not  be  overcome  by  patient  intelligent 
experimentation.  The  third  operation  may  offer  practical  diffi- 
culties due  to  irregularities  in  the  shape  of  the  material  to  be 
tested.  Relatively  long  objects  uniform  in  diameter,  such  as  rails, 
steel  rims,  band  screws,  drills,  and  steel  cables,  present  no  diffi- 
culty. Relatively  long  objects  whose  cross  section  changes 
gradually  from  section  to  section,  such  as  spring  leaves,  straight 
axles,  and  files,  present  comparatively  little  difficulty.  Relatively 
long  objects  of  irregular  section,-  such  as  crank  axles,  present  great 
but  not  insuperable  difficulty.  Short,  thick  castings  present 
difficulties  which  for  the  present  seem  insuperable. 

Washington,  March  30,  191 5. 
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1876.  Fromme.    Gdttingen  Nachrichten,  1876.     (Hardness.) 
1876.  Ruths.    Dortmtmd,  1876.     (Hardness.) 

X876.  Gaugain.    Comp.  Rend.,  82,  p.  144.    (Hardness.) 

1876.  Tr^ve  and  Dtirassier.    Comp.  Rend.,  82,  p.  2x7.    (Hardness.) 

X877.  Thompson.    Phil.  Trans.  Roy.  Soc.,  166,  Pt.  a,  p.  693.    (Tension.) 

1878.  Thompson.  Proc.  Roy.  Soc.  Lon.,  27,  p.  442. 
X878.  Gray.  Phil.  Mag.  (5),  6,  p.  321.  (Hardness.) 
X878.  V.  Kerpelz.    (Chemistry — ^Hardness.) 

1879.  Thompson.    Phil.  Trans.  Roy.  Soc.,  170,  p.  55.    (Tension.) 

1879.  von  Waltenhofen.    Dingler's  Polytech.  Jotu*.,  282,  pp.  141-150.    (Hardness.) 

1879.  Thompson.    Phil.  Trans.,  179,  p.  55.    (Torsion.) 

1879.  Hughes.    Proc.  Roy.  Soc.  Lon.,  82,  pp.  25,  213.    (Torsion.) 

x88i.  Pictet.    Arch,  de  Gen.  (3),  6,  pp.  113-125.    (Mag.  hardness.) 

x88i.  Metcalf.    Beibl.,  5,  p.  895.    (Mag.  hardness.) 

1883.  Skida.    Proc.  Roy.  Soc.  Lon.,  85,  p.  404.     (Tension.) 

1885.  E^\'ing.    Phil.  Trans.  Roy.  Soc.     (Tension.) 

X885.  Bams  and  Strouhal.    Bull.  U.  S.  Geolog.  Surv.,  14.    (Mag.  hardness.) 

1888.  Ewing.    Phil.  Trans.  Roy.  Soc.    (Tension.) 

1889.  Nagaoka.    Phil.  Mag.,  27.     (Torsion.) 

1890.  Chree.    Phil.  Trans.,  829,  X890. 

X89X.  Smith.    Phil.  Mag.,  82,  p.  383.    (Torsion). 

1894.  Squier.    Electrician,  84,  p.  90,  1894.    (Magnetism  of  gun  steel.) 

X896.  GrOsser.    Diss.  Rostock,  1896.     (Torsional  magnetostriction.) 

X896.  Ebeling  and  Schmidt.    Wied.  Aim.,  58,  pp.  330-341.    (Magnetic  inhomo- 

geneity.) 
X900.  Barus.    Am.  J.  Sci.,  10,  p.  407.    (Torsional  magnetostriction.) 
X902.  Lisell.    Diss.  Upsala,  1902.    (Hydrostatic  pressure.) 
1903.  Fraichet.    Eel.  Elec,  86,  pp.  361-369,  413-422.    (Tension.) 
X904.  Fraichet.    Comp.  Rend.,  188,  pp.  355-356.    (Tension.) 
X904.  Frisbie.    Phys.  Rev.,  18,  p.  432.    (Hydrostatic  pressure.) 
X904.  Honda  and  Shimizu.    Journ.  Sci.  Coll.,  Tokyo,  19.    (Elasticity.) 
X904.  Gerdien.    Aim.  de  Phys.,  14,  p.  51.    (Torsion.) 

X904.  Bidwell.    Roy.  Soc.  Proc.,  74,  p.  60.     (Effect  of  annealing  on  magnetostric- 
tion.) 

200 


2IO  Bulletin  of  the  Bureau  of  Standards  ivci.13 

X906.  Kann.    ?hys.  Zs.,  1906,  pp.  526-537.    (Ixi]ionx)geneities.) 

1906.  Piolaand  Tieri.    Acad.  Lin.  Atti.,  15,  pp.  331,  566.    (Torsion.) 

1907.  Maurain.    Jour,  de  Phys.,  6,  p.  380.    (Torsion.) 

1907.  Bouasse  and  Berthier.    Ann.  Dum.  Phys.,  10,  pp.  199-228.    (Torsion.) 
1907.  Honda  and  Terada.     Phil.  Mag.,  18,  p.  36,  1907.     (Elasticity.) 
1907.  Honda  and  Terada.     Phil.  Mag.,  14,  p.  65,  1907.     (Stress.) 

1907.  Williams.     Phil.  Mag.,  18,  p.  635.     (Hydrostatic  pressure.) 

1908.  Maurain.    Jour,  de  Phys.,  7,  p.  497.     (Cyclic  tension.) 

1908.  McCann  and  Colson.    Western  Electric,  48,  p.  76.    (Inhomogeneities.) 
1908.  Anonymous.    Iron  Age,  81,  pp.  1162-1164.    (Hardness.) 
1908.  Wassmuth.     Biebl,  82,  p.  901.    (Torsion.) 

1908.  Gtunlich  and  Vollhardt.    E.  T.  Z.,  88,  pp.  903-907.    (Influence  of  mechanical 
working.) 

1909.  Brown.    Roy.  Dub.  Soc.  Pro.,  17,  pp.  101-175.    (Mechanical  influences.) 
1909.  Brown.    Roy.  Dub.  Soc.  Pro.,  12,  pp.  101-122,  175-189.    (Torsion.) 

1909.  Burrows.  Bull.  Biureau  of  Standards,  6,  pp.  59-62,  1909.  (Inhomogeneities.) 
1909.  Waggoner.  Phy.  Rev.,  28,  pp.,  593'"404'  (I<ow  temperature,  carbon  content.) 
1909.  Mars.    Stahl  und  Eisen,  29,  pp.  1673-1678,  1769-1781.    (Hardness.) 

1909.  Pellet.    Jour,  de  Ph)rs.,  8,  pp.  110-117.    (Torsion.) 

1910.  Du  Prel.    Diss.  Milnchen.    (Hydrostatic  pressure.) 

1910.  Encoli.    N.  Cim.,  20,  pp.  317-340.    (Tension  and  torsion.) 

1910.  Brown.    Roy.  Dub.  Soc.  Proc.,  12,  pp.  36,  480-497.     (Magnetotorsion,  elastic 

limit.)  ! 

191 1.  Goerens.    Iron  and  Steel  Inst.,  Ill,  pp.  320-400.    (Effect  of  cold  working  and 
annealing.) 

1911.  Ercoli.    N.  Cim.  (6),  1,  pp.  213-222,  237-268.    (Tension  and  torsion.) 

1911.  Brown.    Roy.  Dub.  Soc.  Proc.,  12  (3),  pp.  28-48.     (Tension  in  nickel.) 

191 2.  Beckman.    Arkiv  f6r  Mat.  Astrofysik.     (Hydrostatic  pressure.) 

1912.  Devries.    Proc.  I.  A.  T.  M.,  Sixth  Cong.    (Tensile  strength  and  hardness.) 
Z912.  Bturrows.    Proc.  I.  A.  T.  M.,  Sixth  Cong.    (Report  on  problem  28,  general 
subject.) 

1912.  Waggoner.    Phy.  Rev.,  94,  pp.  58-65.    (Magnetic  and  elastic  properties  of  a 

series  of  iron  carbon  alloys.)  ' 

1913.  Devries.    Proc.  A.  S.  T.  M.    (Hardness,  toughness,  tensile  strength.) 
1913.  Goerens.    Stahl  tmd   Eisen,   84,   pp.   282-285.     (Magnetic  and  mechanical 

properties  of  mechanically  hardened  and  annealed  steel.) 
1913.  Burrows.    Bull.  Soc.  Auto  Engr.,  Nov.,  19 13.     (General.) 

1913.  Burrows.    Proc.  A.  S.  T.  M.    (Hardness,  toughness,  tensile  strength.) 

1914.  Hadfield  and  Hopkinson.    Lon.Eng.,  97,  pp.  756-759.    (Magnetic and  mechani- 
cal properties  of  manganese  steel.) 

1914.  Smith  and  Sherman.    Phys.  Rev.  N.  S.,  4,  pp.  267-273.     (Tension  and  com- 
pression.) 

1914.  Merica.     Diss.  Berlin.     (Tension;  many  valuable  data.) 

X914.  Tafel.    Stahl  und  Eisen,  84,  pp.  574-578.    (Tension.)    (In  drawn  bars  the 
B-H  curve  shows  sharp  changes  near  tiie  yield  point.) 

19x4.  Mathews.    Proc.  A.  S.  T.  M.,  14,  pp.  50-71.    (Hardness.) 
For  a  good  bibliography  on  magnetostriction,  see  Dorsey,  Phy.  Rev.,  80,  p.  178, 
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I.  INTRODUCTION 

The  theory  of  the  galvanometer,  when  used  under  the  critically 
damped  condition  as  a  detector  of  constant  voltage  in  a  circuit  of 
fairly  low  resistance,  is  given  in  papers  by  White  *  and  Jaeger  ^, 
published  about  10  years  ago.  In  these  papers  some  of  the  equa- 
tions which  we  shall  use  are  given.  However,  we  wish  to  consider 
sensitivities  to  ciurent  and  voltage  impulses  as  well  as  to  steady 
current  and  voltage,  and  in  order  that  the  matter  may  be  pre- 
sented as  a  imit,  the  theory,  in  so  far  as  it  is  needed  in  the  design 
of  such  galvanometers,  will  be  given  here.  That  is,  we  shall  show 
the  relations  between  those  constants  of  a  galvanometer  with 
which  the  user  is  concerned  and  those  constants  with  which  the 
maker  is  concerned. 

>  Physical  Review,  19,  p.  305;  1904. 

t  Zcitsdirilt  fOr  Instrumentenkunde,  2Z,  p.  a6z  and  p.  353, 1903;  and  Annalcn  der  Physik,  SM,  p.  64, 2906. 
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The  user  is  concerned  with  the  period,  the  resistance  which 
must  be  put  in  series  or  parallel  in  order  to  give  critical  damping, 
and  the  sensitivity  to  the  quantity  the  galvanometer  is  used  to 
detect  or  measure.  These  wiU  be  referred  to  as  the  operation 
constants.  The  maker  is  concerned  with  the  inertia  constant,  the 
damping  constant,  the  restoring  constant,  the  dynamic  constant, 
and  the  resistance — constants  which  depend  upon  the  kind  of 
material  used,  the  ntunber  of  turns,  the  intensity  of  magnetiza- 
tion, and  the  size  and  the  proportions  of  the  parts  of  the  galvano- 
meter. These  will  be  referred  to  as  the  intrinsic  or  construction 
constants.  These  two  sets  of  constants  are  necessarily  interde- 
pendent, and  a  knowledge  of  the  relations  existing  between  them 
is  necessary  for  an  understanding  of  the  subject  of  galvanometer 
design.  We 'shall,  therefore,  show  in  what  manner  each  of  the 
operation  constants  depends  upon  the  intrinsic  constants. 

These  relations  will  then  be  used  in  establishing  a  procedm-e  for 
finding  a  set  or  sets  of  values  for  the  intrinsic  or  construction  con- 
stants, such  as  will  give  previously  selected  or  specified  values  for 
those  of  the  operation  constants  which  pertain  to  the  class  of 
work  in  which  the  galvanometer  is  to  be  used.  The  finding  of 
some  set  of  values  for  the  intrinsic  constants  which  may  be  real- 
ized in  the  construction  without  unnecessary  difficulty,  and  which 
will  give  the  specified  values  for  the  operation  constants,  consti- 
tutes what  we  call  the  general  design  of  a  galvanometer.  The 
matter  will  be  considered  primarily  from  the  standpoint  of  the 
design  of  moving  coil  galvanometers  of  high  sensitivity,  though 
much  of  the  discussion  will  apply  equally  well  to  the  less  sensitive 
galvanometers  with  pointers  and  to  galvanometers  of  the  moving 
magnet  type.  The  way  in  which  particular  values  for  the  intrinsic 
constants  may  be  realized,  and  other  matters  pertaining  to  what 
we  call  the  detail  design,  can  not  be  considered  in  this  paper. 

n.  THEORY 
1.  THE  OPBRATION  CONSTANTS 

Galvanometers  are  used  critically  damped  in  four  distinct 
classes  of  measurements,  in  each  of  which  the  quantity  to  be 
detected  or  measured  is  different. 

In  the  first  (which  we  shall  refer  to  as  class  A)  it  is  the  current, 
or  change  in  the  current,  in  a  circuit  including  the  galvanometer. 
The  measurement  of  insulation  resistance  by  the  direct  deflection 
method  using  a  fairly  high  voltage  is  an  example  of  this  class  of 
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measurements.  Here  the  sensitivity  which  should  be  considered 
is  to  current. 

In  the  second  (or  class  B)  it  is  the  change  in  the  voltage  in  the 
circuit  in  which  the  galvanometer  is  connected  which  is  to  be 
detected  or  measured.  The  change  in  voltage  in  the  galvano- 
meter circuit,  on  reversing  the  test  current  through  a  bridge 
which  is  not  exactly  balanced,  is  an  example  of  this  class  of 
measurements.  Here  the  sensitivity  which  should  be  considered 
is  to  voltage.* 

In  the  third  (or  class  C)  it  is  the  quantity  of  electricity  suddenly 
passed  through  the  circuit,  including  the  galvanometer,  which  is 
to  be  detected  or  measured.  The  comparison  of  the  capacities  of 
condensers  by  the  ballistic  throws  given,  when  they  are  charged 
to  the  same  voltage  and  discharged  through  the  same  galvanometer, 
and  the  comparison  of  capacities  by  the  method  of  mixtures,  are 
examples  of  this  class^  of  measurements.  Here  the  sensitivity 
which  should  be  considered  is  to  impulsive  rush  of  a  quantity 
of  electricity  q^Jidt  through  the  circuit  including  the  galva- 
nometer. 

In  the  foiuth  (or  class  D)  it  is  the  time  integral  of  the  electro, 
motive  force  in  the  circuit.  Examples  of  this  class  of  measure- 
ments are  the  comparison  of  magnetic  fields  by  the  ballistic 
throws  they  give,  when  a  coil  connected  in  series  with  the  galva- 
nometer  is  suddenly  removed  first  from  one  field  and  then  from 
the  other,  or  the  comparison  of  two  mutual  inductances  by 
connecting  their  secondaries  differentially  in  series  with  the  gal- 
vanometer and  simultaneously  reversing  the  currents  in  their 
primaries,  adjusting  the  ratio  of  the  currents  so  as  to  make  the 
ballistic  throw  zero.  Here  the  sensitivity  which  should  be  con- 
sidered is  to  the  Jedt,  where  e  (the  voltage)  is  negligibly  small 
except  for  a  very  short  time. 

Besides  the  sensitivity  to  the  quantity  to  be  detected  or  meas- 
ured the  user  of  a  galvanometer  is  concerned  with  the  time 
between  the  change  which  causes  the  deflection  and  the  instant 
when  the  deflection  may  be  considered  to  have  reached  a  constant 
value;  or,  in  the  case  of  an  impulse,  the  instant  when  the  deflection 
has  reached  a  maximum  value  and  must  be  read.  We  shall  refer 
to  the  first  as  the  deflection  period  and  the  second  as  the  ballistic 
period. 

*  Under  any  defiinite  oooditioos  the  voltage  sensitivity  is  equal  to  the  current  sensitivity  divided  by 
the  resistance.  It,  therefore,  is  not  necessary  to  introduce  the  idea  of  a  voltage  sensitivity  as  distinct  from 
the  current  sensitivity.  However,  for  those  cases  in  which  it  is  the  voltage  rather  than  the  current  which 
is  the  quantity  to  be  measured  or  which  is  the  independent  variable,  the  operation  of  the  galvanometer 
is  much  more  readily  understood  if  we  refer  to  its  voltage  sensitivity  rather  than  to  its  current  sensitivity. 
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In  all  cases  the  user  of  a  galvanometer  is  concerned  with  the  con- 
ditions which  give  critical  damping ;  that  is,  the  conditions  which 
make  the  motion  of  the  moving  system  just  aperiodic  (or  just 
deadbeat) .  The  damping  often  depends  to  a  very  marked  degree 
upon  the  resistance  of  the  circuit  into  which  the  galvanometer  is 
connected.  The  resistance  of  the  circuit  (not  including  the  resist- 
ance of  the  galvanometer)  in  which  the  motion  of  the  moving 
system  is  critically  damped  will  be  referred  to  as  the  external  critical 
resistance.  In  most  cases  it  is  an  important  operation  constant 
of  the  galvanometer.  If  the  apparatus  with  which  the  galvanom- 
eter is  being  used  has  a  resistance  between  the  terminals  to  which 
the  galvanometer  is  connected  different  from  the  external  critical 
resistance,  critical  damping  can  be  brought  about  with  most  gal- 
vanometers of  the  moving  coil  type  and  with  some  of  the  moving 
magnet  type.  In  some  cases  it  is  done  by  putting  resistance  in 
series  with  the  apparatus  and  galvanometer,  and  in  other  cases 
resistance  is  put  in  parallel  across  the  terminals  to  which  the  gal- 
vanometer is  connected. 

Sometimes  it  is  desired  that  the  galvanometer  be  approximately 
critically  damped  without  special  adjustment  for  all  readings  or 
settings  of  the  apparatus  with  which  it  is  used,  when  the  resistance 
of  the  apparatus  between  the  terminals  to  which  the  galvanometer 
is  connected  varies  with  the  setting  through  wide  limits.  This 
condition  is  usually  easily  brought  about  by  the  use  of  two  resist- 
ances, one  connected  in  parallel  and  the  other  connected  in  series 
with  the  galvanometer.  By  a  proper  choice  of  the  resistances,  the 
damping  can  be  made  very  nearly  critical  regardless  of  the  resist- 
ance of  the  apparatus  with  which  the  galvanometer  is  used,  but 
to  do  so  necessarily  reduces  the  sensitivity  very  materially.  It  is 
also  possible  to  design  a  galvanometer  so  that,  without  a  shtmt  or 
parallel  resistance,  it  will  be  approximately  critically  damped 
when  used  in  circuits  of  almost  any  resistance.  This  is  accom- 
plished by  the  use  of  suitable  air  dampers  or  by  the  use  of  an 
auxiliary  winding  closed  upon  itself.  Sometimes  the  winding  of  a 
moving  coil  galvanometer  is  placed  on  a  metal  frame  which  serves 
also  as  the  auxiliary  closed  circuit  winding.  The  use  of  an  auxil- 
iary winding  makes  the  construction  of  a  galvanometer  to  have  a 
high  sensitivity  to  voltage  or  voltage  impulse  and  a  short  deflec- 
tion period  much  more  difficult. 

For  general  laboratory  use  it  is  desirable  that  the  rate  of  change 
of  the  damping  (or,  more  specifically,  the  rate  of  change  of  the 
deflection  period)  with  the  change  in  resistance  of  the  external 
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circuit  shall  be  small.  Its  value,  or  something  equivalent  to  it, 
might  be  considered  as  one  of  the  operation  constants.  However, 
where  a  high  or  fairly  high  sensitivity  is  required  it  is  better  to 
make  the  adjustments  necessary  to  give  critical  or  approximately 
critical  damping.  Where  this  is  done,  the  rate  of  change  of  the 
damping  with  change  of  the  external  resistance  is  of  but  little 
unportance. 

The  opieration  constants  with  which  the  user  of  a  galvanometer 
may  be  concerned,  and  the  symbols  here  used  to  represent  them, 
are  as  follows : 

R = the  external  critical  resistance, 

Td  =  the  deflection  period, 

Tb  '^the  ballistic  period, 

S\  =the  current  sensitivity, 

5e = the  sensitivity  to  voltage  in  a  circuit  having  a  resistance 
giving  critical  damping, 

5'e  =*  the  sensitivity  to  voltage  in  a  circuit  of  resistance  exceeding 
the  critical  resistance, 

5q  =»the  sensitivity  to  quantity  or  ^idt, 

Sn  —the  sensitivity  to  ^edt  in  a  circuit  having  a  resistance  giving 
critical  damping,  and 

S'n  =»  the  sensitivity  to  ^edt  in  a  circuit  having  a  resistance  in  ex- 
cess of  the  critical  resistance. 

For  any  one  of  the  four  classes  of  meastu-ements  we  need  con- 
sider only  the  appropriate  period  and  sensitivity,  and  usually  the 
resistance  of  the  apparatus  between  the  terminals  to  which  the 
galvanometer  is  connected,  or  the  external  critical  resistance  of 
the  galvanometer. 

2.  THE  INTRINSIC  CONSTANTS 

As  has  been  pointed  out  above,  the  values  of  the  operation  con- 
stants necessarily  depend  upon  the  size,  shape,  and  arrangement 
of  the  parts  of  the  galvanometer;  the  kind  of  material  used  in  the 
construction;  the  intensity  of  magnetization,  etc.  That  is,  they 
depend  upon  the  values  of  the  intrinsic  or  construction  constants. 
The  intrinsic  constants  and  the  symbols  here  used  to  represent 
them  are  as  follows : 

JC«the  inertia  constant  (the  moment  of  inertia), 

D=the  damping  constant  (the  ratio  of  the  drag  or  retarding 

torque  on  the  moving  system  to  its  rate  of  displacement, 

with  the  circuit  open) , 
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I/— the  restoring  constant  (the  ratio  of  the  restoring  torque  to 
the  displacement) , 

G»the  d3nianiic  or  displacing  constant  (the  ratio  of  the  dis- 
placing torque  to  the  current) ,  and 
Ug—the  resistance  of  the  galvanometer. 

Other  S3rmbols  used  and  the  quantities  which  they  represent  are 
as  follows : 

e — the  voltage  impressed  in  the  circuit  in  which  the  galvanom- 
eter is  connected, 

i— the  current  in  the  circuit  in  which  the  galvanometer  is 
connected, 

tf — the  angular  displacement  of  the  moving  system, 

/ « the  time, 

J  « the  resistance  of  the  shtmt  across  the  galvanometer  terminals, 

r — the  resistance  in  series  with  the  galvanometer, 
/?' « the  resistance  in  series  with  the  galvanometer  if  in  excess  of 

the  external  critical  resistance, 
r'  —  the  resistance  of  an  auxiliary  closed  winding, 

9— the  d}aiamic  constant  of  an  auxiliary  closed  winding, 
D'  -the  damping  constant  with  the  auxiliary  winding  open,  and 

y,  /,  m,  n,  and  />- constants  defined  by  equations  (66),  (72), 
(49) »  (50) »  and  (83). 

3.  OFBRATION  CONSTANTS  IN  TERMS  OF  INTRINSIC  CONSTANTS 

The  equation  generally  accepted  as  representing  the  motion  of 
the  moving  system  of  a  galvanometer  *  is 

where  i  is  the  current  in  the  winding  or  coil.  This  equation, 
however,  is  not  m  a  convenient  form,  since  as  galvanometers  are 
generally  used  the  current,  i,  is  affected  by  the  motion  of  the 
moving  system  and  so  is  not  known.  The  current  may,  neverthe- 
less, be  expressed  in  terms  of  the  impressed  voltage,  that  is,  the 
voltage  having  its  seat  in  the  apparatus  with  which  the  galvano- 
meter is  used,  the  voltage  generated  by  the  motion  of  the  moving 
system  and  the  constants  of  the  circuit. 

As  is  well  known,  especially  to  those  who  are  familiar  with  the 
principles  of  operation  of  dynamo-electric  machinery,  that  part 
of  the  electrical  power  supplied  to  the  galvanometer  which  is 
converted  into  mechanical  power  is  i  times  the  generated  or  back 

*  Gny,  Absolute  Measurements  in  Electricity  and  Magnetism,  2,  Part  II.  p.  399. 
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voltage.  Also  the  mechanical  power  is  the  torque,  Gi,  times  the 
angular  velocity,  -yr'    Since  these  two  quantities  must  be  equal  it 

follows,  therefore,  that  the  generated  voltage  is  -^G-rr^  Conse- 
quently, if  r+/?g  is  the  resistance  of  the  circuit  and  e  is  the  im- 
pressed voltage, 

.        e  G      de 

*"r-h/?g    r-^R^  dt  ^^^ 

This  value  of  i  substituted  in  equation  (i)  gives  as  the  equation  of 
motion  of  the  moving  system 

If,  for  any  reason,  the  galvanometer  is  shunted  by  a  resistance,  s^ 
the  current  which  would  flow  through  the  coil  in  case  the  impressed 

voltage  only  were  effective,  is  —     ^^        i^  and  in  case  the  generated 

voltage  only  were  effective,  is ^  p  J,  p  "dt'    Where  Rg  is  the 

resistance  of  the  galvanometer  and  r  is  the  resistance  of  the  appa- 
ratus with  which  it  is  used,  or  which  is  in  series  with  the  galva- 
nometer, and  in  which  there  is  the  impressed  voltage,  e.  Since  the 
current  through  the  coil  is  equal  to  that  which  would  flow  as  a 
result  of  the  impressed  voltage  only,  plus  that  which  would  flow  as 
a  result  of  the  generated  voltage  only,  it  follows  that  for  this  case 
the  equation  of  motion  is 

■       CC^+r)      \d0  Gse 

'^rS'^rRg  +  sRg/dt  "^  ^^     rs  -^rR^+sR,        ^^^ 

These  may  be  considered  the  general  equations  for  the  motion  of 
the  moving  systems  of  galvanometers,  excepting  in  those  cases  in 
which  it  is  necessary  to  take  into  consideration  either  the  effects 
of  self  or  mutual  inductance  or  of  capacity.  That  the  relations 
are  at  least  approximately  correct  has  been  verified  by  numerous 
checks  between  values  for  constants  found  by  using  these  relations 
and  those  values  found  by  other  means.  It  must  not  be  presumed, 
however,  that  they  are  correct  to  a  high  order  of  accuracy,  and 
it  is  not  necessary  for  the  purpose  of  this  paper  that  they  should  be. 

Equations  of  the  type  of  (3)  and  (4)  are  considered  in  elementary 
textbooks  on  differential  equations  and  in  their  solution  there  is 

obtained  the  auxiliary  equation 


•^<^ 
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in  which  /,  g,  and  h  are  the  coefficients  of  "j^^-jt  and  9.    The  form 

of  the  solution  will  depend  upon  whether 

f>4fh,  g^^4fh  or  f<4fh 

as  well  as  upon  what  function  e  is  of  t.  When  some  change  is 
made  in  the  apparatus  with  which  the  galvanometer  is  used  so 
that  e  suddenly  assumes  a  new  constant  value,  or  when  the  moving 
system  of  the  galvanometer  is  released  from  a  deflected  position, 
the  moving  system  takes  up  the  new  position  in  the  minimum 
time  (and  the  motion  is  said  to  be  just  aperiodic  or  critically 
damped)  if  the  two  roots  of  the  auxiliary  equation  just  referred 
to  are  equal.    That  is,  if 

or  if 

f^^tr^    +D^2^KU  (6) 

The  particular  value  of  r  which  satisfies  equation  (5)  is  the 
external  critical  resistance  of  the  galvanometer  and  is  designated 
as  R.    Therefore  it  follows  from  equation  (5)  that 

If  the  resistance  of  the  apparatus  with  which  the  galvanometer 
is  used  (measured  between  the  terminals  to  which  the  galvanometer 
is  connected)  is  less  than  the  external  critical  resistance,  then 
critical  damping  may  be  brought  about  by  connecting  the  proper 
amount  of  resistance  in  series  with  the  galvanometer.  If  the 
resistance  of  the  apparatus  with  which  the  galvanometer  is  used 
is  niore  than  the  external  critical  resistance  of  the  galvanometer, 
critical  damping  may  usually  be  brought  about  by  connecting  a 
resistance,  s,  of  suitable  value  in  parallel  with  the  galvanometer. 
In  this  case  the  value  of  s  must  be  chosen  so  that 

sR'Ks  +  R')^R  (7a) 

where  R'  represents  the  resistance  of  the  apparatus. 

If  the  galvanometer  is  critically  damped  without  the  use  of  a 
parallel  resistance,  it  follows  from  equations  (3) ,  (5) ,  and  (7) ,  that 
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If  a  parallel  resistance  is  used  to  bring  about  critical  damping,  it 
follows  from  equations  (4) ,  (6) ,  (7) ,  and  (7a)  that 

i^+,V^  +  ^,-(ez£^i^±£^-         (9) 

and  if  conditions  are  such  that  the  galvanometer  has  no  appre- 
ciable effect  upon  the  magnitude  of  the  current,  t,  in  the  main 
circuit,  then 

ar  at  kj 

Here,  since  the  galvanometer  is  shtmted,  i  is  not  the  current  in  its 
winding  or  coil. 

Equations  (8),  (9),  and  (10)  are  the  general  equations  for  the 
motion  of  the  moving  systems  of  critically  damped  galvanometers 
and  are  the  equations  on  which  the  work  which  follows  is  based. 
Equation  (8)  applies  in  case  critical  damping  is  brought  about  with- 
out the  use  of  a  shunt,  and  the  impressed  voltage  is  the  independent 
variable.  Equation  (10)  applies  in  case  the  galvanometer  is  shunted 
to  bring  about  critical  damping,  and  the  current  may  be  consid- 
ered the  independent  variable.  Equation  (9)  applies  in  case  it  is 
necessary  to  use  a  shtmt  to  bring  about  critical  damping  and 
when  the  impressed  voltage,  rather  than  the  current,  must  be 
considered  the  independent  variable.  Equation  (9)  applies  in  the 
cases  which  are  intermediate  between  those  to  which  equation  (8) 
applies  and  those  to  which  equation  (10)  applies. 

Following  a  change  in  the  value  of  the  voltage  or  current  from 

one  steady  value  to  another,  there  results  a  change  in  the  steady 

deflection.    If  the  change  in  voltage  is  A^ ,  or  current  is  At,  and  the 

resulting  change  in  the  steady  deflection  is  A9,  the  ratio  of  A0 

to  Ae,  or  to  Ai,  is  the  sensitivity.     Since,  when  the  deflection 

dPB  do 

becomes  steady,  both  -^  and  -jr  are  zero,  inspection  of  equations 

(8),  (9),  and  (lo)  shows  that 


2^]KU-D 


GU  ("^ 

(?-2R,^iKU+DR, 

^  •  R'GU  ^^  ' 

„     G'-2R,^/KU+DR,  ,    , 


60239"— Ifr 


220  BvUetin  of  the  Bureau  of  Standards  (v<rf.  13 

• 

where  Si  is  the  sensitivity  of  the  galvanometer  to  current  when 
connected  in  a  circuit  of  high  resistance,  S©  is  the  sensitivity  of  the 
galvanometer  to  voltage  having  its  seat  in  apparatus  of  resistance 
equal  to  the  external  critical  resistance  of  the  galvanometer,  and 
S'e  is  the  sensitivity  of  the  galvanometer  to  voltage  in  appa- 
ratus having  a  resistance  R'  in  excess  of  the  external  critical 
resistance  of  the  galvanometer,  so  that  the  galvanometer  must  be 
shunted  to  bring  about  critical  damping. 

If,  instead  of  the  voltage  or  current  asstmiing  a  new  constant 
value,  it  assiunes  a  fairly  large  value  for  a  very  short  time,  after 
which  it  becomes  zero  or  assmnes  its  former  value,  an  impulse  is 
given  to  the  moving  system.  If  the  time  of  the  impulse  is  very 
short  in  comparison  with  the  time  of  throw,  dttring  the  impulse 
the  second  and  third  terms  of  the  left-hand  members  of  equations 
(8),  (9),  and  (10)  are  very  small  in  comparison  with  the  first,  so 
may  be  neglected.  Then  by  a  single  integration  over  the  time  of 
the  impulse  it  follows  that 

^.d^J,^  (M) 


and 


^t WG J  "^  <^5) 

^^_(?-.R,m^DR,^i,,  (.6) 

While  here  no  consideration  is  given  to  self-induced  voltage, 
which  may  during  a  part  of  the  impulse  be  of  the  same  order  of 
magnitude  as  e,  it  may  easily  be  shown  that  no  appreciable  error 
is  introduced  on  this  account,  unless  the  self -inductance  is  so  large 
that  the  electrical  time  constant  of  the  circuit  is  appreciable  in 
comparison  with  the  time  of  the  throw  of  the  moving  system. 

After  the  impulse  the  right-hand  members  of  equations  (8), 
(9),  and  (10)  are  zero,  so  that  for  each  of  the  three  cases  the 
equation  of  the  motion  of  the  moving  system  is: 

K%  +  .,fKU^^U9-o  (17) 

The  solution  of  this  equation  (which  is  a  special  form  of  equations 
(3)  and  (4)  considered  above)  is  as  follows : 

e^c^t'-rm^^+c^tt-^^ojzt  (ig) 

where  Cj  and  C,  are  constants  of  integration  and  €  is  the  base  of 
the  Naperian  logarithm.     Here  C^  is  zero,  since  at  the  end  of  the 
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impulse  both  6  and  t  may  be  considered  zero.  Differentiation  of 
equation  (18)  gives 

-^-  '-C^^fU/Ke'^Wtt  +  C^^-.rm*  (19) 

from  which  it  follows  that  tf  is  a  maximum  when  t  —  -^KjU  or 
that 

Tt^^^/KjU  (20) 

where  Tb  is  the  time  of  throw  *  or  the  ballistic  period.  It  also 
follows  that  C,  is  equal  to  the  value  of  -37  when  ^ — o,  which  is  the 

JA 

value  of  ^  as  given  by  equation  (14),  (15),  and  (16).  The  sub- 
stitution of  these  values  for  C,  and  t  in  equation  (18)  gives 

_e_    CP-2R,^jKU+DR,  .    . 

where  0  is  the  maximum  value  of  0  or  the  magnitude  of  the 
ballistic  throw,  and  Sn,  S'n,  and  5q  are  the  sensitivities  to  voltage 
and  current  impulses. 

From  equation  (i8)  it  will  be  seen  that  the  deflection  reaches  a 
maximum  and  then  becomes  zero  after  a  long  time.     However, 

when  /  =»  (2T  +  i)'^K/U  the  deflection  has  passed  and  is  then  only 
a  little  more  than  i  per  cent  of  its  maximum  value.  Since,  in 
returning  from  the  deflected  position,  the  motion  follows  the  same 
law  as  when  e  is  suddenly  changed  from  one  constant  value  to 
another,  the  system  accomplishes  nearly  0.99  part  of  its  final 
steady  deflection  in  a  time  equal  to  2v^K/U.  For  most  purposes 
one  is  not  concerned  in  reading  deflections  to  as  close  as  i  per  cent, 

so  we  shall  consider  that  

Td  =  2irV^7l7  (24) 

where  Td  is  the  deflection  period.  That  is,  we  shall  consider  the 
deflection  period  to  be  the  same  as  the  complete  imdamped  period. 

*  The  effect  of  damphig,  especially  critical  damping,  upon  the  time  of  throw  or  ballistic  period  and  upon 
the  ballistic  sensitivity  is  discussed  by  Stewart,  Physical  Review,  16,  p.  158, 1903.  The  effect  of  the  damp- 
ing by  the  current  in  a  circuit  of  low  resistance  resulting  from  the  voltage  generated  by  the  motiaa  of  the 
moving  systemis  disanecd  by  Jones,  Proceedings  of  the  Physical  Society,  M,  p.  75,  Z9X4. 
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Collecting  the  equations  representing  the  relations*  between 
operation  and  intrinsic  constants  gives 

2^|KU-D  ^  ^ 

Td  =  2r^K/U  (26) 

Tb  ^  -^KJJJ  (27) 

S,-£V^  (28) 

^,    (?-r,(2^/kU-d)  , 


M." 


-£=1 


(31) 


It  may  be  of  interest  to  note  that  in  case  D  is  very  small  in  com- 
parison with  -JKU  __ 

hylv  ^4) 

and 


5,-^. 


•Sa  -  ^  (35) 

and  in  case  D  =  2'^KU 

5.-§  (36) 


G 


■<•     e 


'^KU 


(37) 


that  is,  the  relations  are  much  simpler  than  in  the  corresponding 
equations  above. 

*  It  should  be  tmdentood  that  the  mscnitudes  oS  the  opentioa  constant*  are  to  be  expressed  m  th* 
system  of  units  In  which  the  intrinsic  coostaats  are  rwutfmni  and  not  in  the  units  usually  cmidoyed. 
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4.  RBLATIONS  BETWEEN  OPERATION  CONSTANTS 

The  fact  that  a  galvanometer  has  but  five  intrinsic  constants  is 
evidence  that  all  of  the  relations  given  by  equations  (25)  to  (33) 
can  not  be  independent  and  that  there  must  be  some  relations 
between  the  operation  constants.  An  inspection  will  show  that 
there  is  a  simple  relation  between  the  ballistic  and  deflection 
periods,  and  between  the  four  sensitivities.  Expressing  the  other 
operation  constants  in  terms  of  /?,  Td,  and  S  gives 

n=|^  (38) 

JD 

S',=j^,S,  (39) 

Si^RS,  (40) 


«r. 


(41) 


2vRS      R 

R^T~€^R^  •v42) 

5,  =  ^^=i?S.  (43) 

These  equations  show  what  should  be  expected  from  a  galvano- 
meter intended  for  use  in  class  B  work,  if  used  with  apparatus 
having  resistance  between  galvanometer  terminals  in  excess  of  the 
external  critical  resistance  of  the  galvanometer,  or  when  used  in 
class  A,  C,  or  D  work. 

The  way  the  sensitivity  changes  as  the  resistance  of  the  appa- 
ratus (between  galvanometer  terminals)  increases,  keeping  the 
damping  critical  either  by  resistance  in  series  or  in  parallel,  is 
shown  in  Fig.  i.  The  point  where  the  direction  of  the  curves 
changes  abruptly  is  where  it  is  necessary  to  change  the  resistance 
from  series  to  parallel  to  keep  the  damping  critical,  or  where  the 
resistance  of  the  apparatus  is  equal  to  the  external  critical  resist- 
ance of  the  galvanometer. 

m.  GENERAL  DESIGN 
1.  NUMBER  OF  OPERATION  AND  INTRINSIC  CONSTANTS 

Equations  (25)  to  (33)  give  the  relations  between  the  operation 
and  intrinsic  constants;  that  is,  they  enable  one  to  calculate  the 
values  of  the  operation  constants  for  known  values  of  the 
intrinsic  constants.     But  in  the  general  design  of  galvanometers 
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the  problem  is  to  find  values  or  sets  of  values  for  the  intrinsic 
constants  such  as  will  give  specified  values  for  the  opera- 
tion^ constants.  An  inspection  of  the  equations  shows  that  as 
they  stand  it  would  be  difficult  to  use  them  for  this  purpose.  For 
example,  consider  the  design  of  a  galvanometer  for  use  with  a 
bridge  having  a  specified  resistance  between  the  terminals  to  which 
the  galvanometer  is  to  be  connected,  to  give  a  specified  deflection 
per  unit  of  voltage  which  would  be  between  the  galvanometer 
terminals  of  the  bridge  with  the  galvanometer  circuit  open,  and  to 
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Pig.  1.— Curve  shovnng  how  the  sensitivity  to  voltage  changes  as  the  resistance  of  the 
apparatus,  with  which  the  galvanometer  is  used,  is  changed.  The  curve  applies  for  a 
galvanometer  having  an  external  critical  resistance  of  40  ohms  and  a  sensitivity  of  10 
millimeiers  per  microvolt 

come  to  rest  in  a  deflected  or  zero  position  in  specified  time.  The 
problem,  then,  is  to  find  a  set  of  values  for  the  intrinsic  constants 
such  as  will  give  the  specified  values  for  /?,  Td,  and  5e. 

'  The  values  of  the  five  xntrinsic  constants  of  a  galvanometer  may  be  determined  from  measurements 
ol  five  independent  (v>eration  constants,  or  if  one  or  more  of  the  intrinsic  constants  is  measured  directly, 
then  the  remaining  intrinsic  constants  may  be  determined  from  measurements  of  four  or  fewer  independent 
.operation  constants.  The  equations  representing  the  relations  between  the  intrinsic  constants  and  the 
measured  operation  constants  may  be  used  for  calculating  the  values  of  the  intrinsic  constants  necessary 
to  give  previously  selected  values  for  operati<m  constants.  For  example,  we  have  the  equations  given 
in  this  Bulletin,  6,  p.  361,  X9X0.  These  could  be  used  for  determining  values  for  the  inertia  constant,  the 
damping  constant,  the  restoring  constant,  and  the  dynamic  constant  necessar^^to  give  previously  selected 
values  for  the  alternating-current  sensitivity,  the  alternating-voltage  sensitivity,  the  direct-<current  sen- 
sitivity, and  the  resonating  frequency;  the  value  for  the  resistance  of  the  galvanometer  being  choaen 
atbitrarily. 
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The  relations  between  the  operation  constants  and  the  intrinsic 
constants  are  given  by  equations  (25),  (26),  and  (28).  However, 
it  will  be  seen  that  one  can  not  readily  choose  a  set  of  values  such 
that  when  they  are  substituted  in  these  equations  they  give  the 
value  specified  for  each  of  the  three  operation  constants.  Even 
if  he  should  find  a  set  of  values  which  wotdd  give  the  specified 
values  for  the  operation  constants,  they  would  probably  be  such 
as  would  make  the  detail  design  and  construction  unnecessarily 
difficult.  It  is  therefore  desirable  that  the  matter  be  investigated 
for  the  purpose  of  establishing,  if  possible,  a  definite  procedure  for 
finding  values  for  the  construction  constants  of  galvanometers 
such  as  will  give  specified  values  for  the  operation  constants,  per- 
taining to  each  of  the  four  different  classes  of  work  considered 
above.  It  is  also  important  that  the  procedure  enable  us  to  know 
definitely  the  limits  to  the  values  for  each  of  the  intrinsic  constants 
and  something  of  the  relations  between  them. 

It  has  been  shown  above  that  there  are  only  three  independent 
relations  expressed  by  equations  (25)  to  (33).  It  has  also  been 
pointed  out  that  for  any  class  of  measurements  the  user  of  a  gal- 
vanometer is  concerned,  at  most,  with  only  three  operation  con- 
stants, while  the  galvanometer  has  five  intrinsic  constants.  This 
suggests  that  possibly  values  for  two  or  more  of  the  intrinsic 
constants  may  be  chosen  arbitrarily '  or  within  limits  and  values 
then  calctdated  for  the  others  such  as  will  give  specified  valued 
for  the  operation  constants. 

2.  INTRINSIC  CONSTANTS  IN  TERMS  OF  OPERATION  CONSTANTS 

An  inspection  of  equations  (25)  to  (33)  shows  that  all  can  be 
satisfied  with  a  zero  value  for  both  the  resistance,  Rg,  and  the 
damping  constant,  D,  But  the  construction  of  a  galvanometer 
for  which  either  Rg  or  D  is  zero  is  impossible,  though  in  some  cases 
either  or  both  may  be  made  so  small  as  to  have  no  appreciable 
effect.  If,  however,  the  galvanometer  is  to  have  a  high  sensitivity 
to  voltage  or  voltage  impulse  in  a  circuit  of  low  resistance,  then 
neither  can  conveniently  be  made  so  small  that  its  effect  may  be 
neglected. 

Considering  the  external  critical  resistance  R,  the  deflection 
period  Td,  the  sensitivity  5e,  the  resistance  Rg,  and  the  damping 
constant  D  as  fixed,  a  solution  of  equations  (25),  (26),  and  (28) 

>  A  consideration  o£  the  matter  from  the  standpoint  of  the  power  available  for  produdng  a  deflection, 
the  deflection  period,  and  the  energy  necessary  to  produce  a  deflection  shows  that,  in  many  cases,  a  value 
for  none  of  the  intrinsic  constants  other  than  the  resistance  can  be  chotea  arbitrarily,  except  within  limits. 
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for  the  inertia  constant  K,  the  restoring  constant  t/,  and  the 
dynamic  constant  G,  shows  that  the  values  for  these  constants  are 
complex  (contain  a  real  and  imaginary  part)  imless 

In  any  design  possible  of  construction,  therefore,  D  must  have  a 
value  less  than  this  maximum  which  depends  upon  the  values 
desired  for  the  operation  constants  and  the  value  chosen  for  the 
resistance  J?g,  which,  however,  has  no  definite  upper  limit.  The 
values  for  R^  may,  therefore,  be  chosen  entirely  arbitrarily,  while 
the  values  for  D  must  be  chosen  less  than  a  certain .  maximum. 

•  Values  for  others  of  the  intrinsic  constants,  instead  of  these  two, 
may,  within  limits,  be  chosen  arbitrarily,  but  the  relations'  obtain- 
able from  equations  (25),  (26),  and  (28)  which  give  most  promise 
of  being  of  use  in  the  design  of  galvanometers  for  use  in  class  B 
measurements  are 

G-^  <4S) 

where 

m^R/iR-hRg)  (49) 

and  '^ 

w  -=  K[  I  ±  Vi  -  4v^DS^R/T^^m]  (50) 

The  ±  sign  in  equation  (50)  shows  that  even  after  values  are 

•  chosen  for  Rg  and  D  there  still  remains  a  choice  between  two  sets 
of  values  for  K,  U,  and  G.  It  will  be  seen,  too,  that  if  Z?  is  small 
in  comparison  with  its  maximmn  possible  values,  each  value  in  one 
set  is  much  smaller  than  the  corresponding  value  in  the  other  set. 

*  Bquatioas  somewhat  sixnilar  to  (45)  to  (48)  were  published  by  Jaeger  (Aimalea  der  Physik,  820,  p.  76, 
1906)  and  discussed  briefly  with  reference  to  changes  in  a  particular  galvanometer  necessary  for  a  certain 
diange  in  the  period  and  total  critical  resistance.  Later  Diesselhorst  (Zeitachrif  t  f  iir  Instnimentenkunde. 
81,  p.  250,  X9xx)  used  the  same  equations  for  finding  values  for  the  inertia  amstant,  the  damping  constant, 
the  restoring  constant,  and  the  dynamic  constant  necessary  to  give  chosen  values  for  the  sensitivity,  the 
period,  the  total  critical  resbtance,  and  a  factor  dei>ending  upon  the  logarithmic  damping  on  open  circuit. 
Neither  of  these  authors  separates  the  resistance  of  the  galvanometer  from  its  total  critical  resistance. 
That  is,  they  do  not  make  a  complete  distinction  between  those  of  the  operation  constants  with  which 
the  user  of  Uie  galvanometer  is  concerned  and  the  intrinsic  constants,  and,  as  the  equations  are  stated, 
it  would  seem  that  an  unnecessary  condition  is  imposed  on  account  of  the  way  the  factor  depending  upon 
the  logarithmic  decrement  on  open  circuit  enters.  In  reality  no  unnecessary  condition  is  imposed,  since 
the  user  of  a  galvanometer  does  not  care  what  the  decrement  on  open  circuit  is  and,  consequently,  the 
designer  may  choose  any  value  for  the  factor  which  seems  easily  realized  in  the  construction. 
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If  the  smaller  values  are  chosen,  the  construction  may  be  much 
more  difficult  and  the  completed  instrument  may  be  much  more 
delicate  than  is  necessary,  considering  the  values  for  its  operation 
constants  and  the  values  chosen  for  its  resistance  and  damping 
constant.  Galvanometers  in  which  more  than  half  of  the  critical 
damping  is  caused  by  the  ciurent  which  flows  in  the  main  winding, 
as  a  residt  of  the  voltage  generated  by  the  moving  system,  have 
the  larger  values  for  K,  U,  and  G;  others  have  the  smaller  values. 
From  the  standpoint  of  the  design  there  is  a  decided  difference, 
depending  on  whether  the  +  or  the  —  sign,  which  occiu^  here  and 
later,  is  used,  and  sometimes  it  will  be  desirable  to  use  one  and 
sometimes  the  other. 

In  the  design  of  galvanometers  for  use  in  class  A  measurements 
the  relations  obtainable  from  equations  (25),  (26),  and  (30),  which 
give  most  promise  of  being  of  value,  are 

i><^.  (5.) 


„     Ti*Rmp 


J  J    TdRmp 
^    T^Rp 


(53) 


(54) 


where 

m^R/iR^R,)  (55) 

and 

/^  =  K[ I  ±  V I  -  ^T'Si'D/T^Rm]  (56) 

Here,  in  case  T^Rm  is  very  large  in  comparison  with  ^tt^Si^D  and 
the  negative  sign  of  equation  (56)  is  used,  expansion  of  the  radical 
shows  that  p  may  be  considered  equal  to  Tr^Si^DIT^Rm,  This  value 
of  p  substituted  in  equations  (52),  (53),  and  (54)  gives 

^=7?  (57) 

U-"^  (58) 

G — Y^  (59) 

These  equations  ^^  may  also  be  obtained  directly  from  the  relations 

D  =  2^lKU,  Td  =  2T^KjU  and  5i  ^G/U  (60) 

1^  In  equations  (59)  and  (75)  we  have  considered  that  m—  x,  whidi  we  may  do,  since  R  is  large  m  cam- 
parisoo  with  JR*  or  there  is  a  condenser  in  series  in  the  ctrctiit. 
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which  apply  in  case  the  instrument  is  critically  damped  with  the 
main  galvanometer  circuit  open. 

In  the  same  way,  it  follows  from  equations  (25),  (27),  and  (31) 
that  the  relations  most  likely  to  be  of  service  in  the  design  of 
galvanometers  for  use  in  class  D  measuremeats  are 


where 


m~RKR+R,)  (65) 

^^  ;•-  K  [i  ±  Vi  -^DSn*R/m]  (66) 

Finally  from  equations  (25),  (27),  and  (33)  it  follows  that  the 
relations  which  give  most  promise  of  being  of  service  in  the  design 
of  gsdvanometers  for  use  in  class  C  measurements  are 

^<^.  (67) 


2Tt>Rtnl 


K-'-^^  (68) 


where 
and 


( f,    iRl  >    . 

G-^-^  (70) 


m~R/iR+Rg)  (71) 

l-'H[i±^i-eDS^/Rm]  (72) 

In  case  Rm  is  large  in  comparison  with  ^Sq*D  and  we  use  the 
negative  sign  of  equation  (72) ,  expansion  of  the  radical  shows  that 
we  may  consider  /=-«'S,'£>/4i?wi.  This  value  of  /  substituted  in 
equations  (68),  (69),  and  (70)  gives 

^-if;  <74) 


eS^D 


(75) 
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Equations  (57),  (58),  (59),  (73),  (74),  and  (75)  apply  only  in 
those  cases  in  which  critical  damping  is  brgught  about  imder  con- 
ditions in  which  the  voltage  generated  by  the  motion  of  the  mov- 
ing system  has  no  appreciable  e£Pect  upon  the  magnitude  of  the 
current  in  the  main  winding.  If  the  damping  is  supplied  mainly 
by  a  current  induced  in  an  auxiliary  winding  closed  upon  itself, 
and  if  g  and  r^  are  its  dynamic  constant  and  resistance,  and  D^ 
is  the  damping  constant  with  both  main  and  auxiliary  winding 
open,  the  constants  of  the  auxiliary  winding  must  be  such  that 

^^2^lKU-D'  (76) 

If  the  galvanometer  is  to  be  used  in  a  circuit  whose  resistance, 
R' + R,  including  that  of  the  galvanometer,  is  not  excessively  high, 
then  for  critical  dampmg  it  is  necessary  that 

t.,^-D'-^^  (77) 

It  should  be  noted  that  the  operation  constants  all  appear  on 
the  left-hand  side  of  the  equations,  and  also  that  those  of  equa- 
tions numbered  (45)  to  (50)  pertain  to  class  B  measurements, 
those  of  equations  numbered  (51)  to  (59)  pertain  to  class  A  meas- 
urements, those  of  equations  numbered  (61)  to  (66)  pertain  to 
class  D  measurements,  and  those  of  equations  numbered  (67)  to 
(75)  pertain  to  class  C  measurements. 

These  equations  show  the  maximum  value  the  damping  con- 
stant of  a  galvanometer  can  have  and  have  chosen  values  for  its 
resistance,  external  critical  resistance,  period,  and  sensitivity. 
They  also  show  what  values  the  inertia  constant,  the  restoring 
constant,  and  the  dynamic  constant  must  have  in  order  that  a 
galvanometer  may  have  chosen  values  for  its  resistance,  damping 
constant,  external  critical  resistance  (and  in  some  cases  the  resist- 
ance of  the  apparatus  with  which  the  galvanometer  is  to  be  used) , 
and  the  particular  period  and  sensitivity  with  which  we  may  be 
concerned.  The  equations  may,  therefore,  be  used  in  the  general 
design  of  galvanometers. 

3.  PROCEDURE  IN  THE  GENERAL  DESIGN 

Since  a  value  for  the  resistance  of  the  galvanometer  may  be 
chosen  arbitrarily  and  any  value  taken  for  its  damping  constant, 
less  than  a  certain  maximum  shown  bv  the  first  of  each  set  of 
equations,  much  is  left  to  the  judgment  of  the  person  making  the 
general   design,   and  the  difficulties  encotmtered  in  the  detail 
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design  and  construction  and  the  performance  of  the  galvanometer, 
in  matters  other  than  the  values  of  its  operation  constants,  will 
depend  in  no  small  degree  upon  the  judgment  used. 

In  canying  out  a  general  design  the  first  thing  to  do  is  to  choose 
a  value  for  the  resistance  of  the  galvanometer,  and  if  one  is 
entirely  at  a  loss  in  the  matter,  he  may  take  it  equal  to  that  of 
the  rest  of  the  circuit  in  which  the  galvanometer  is  to  be  used, 
that  is,  take  R^  equal  to  R.  This  makes  w,  which  occurs  in  most 
of  the  equations,  equal  to  one-half.  Using  this  value  for  m  in 
the  first  of  the  set  of  equations  pertaining  to  the  class  of  work 
in  which  it  is  intended  that  the  galvanometer  shall  be  used,  gives 
the  maximum  value  D  can  have.  Taking  D  equal  to  half  this 
maximum  value  and  using  the  4-  sign  in  the  last  equation  of  the 
set  makes  n  (or  I  or  p  or  j)  equal  to  0.85.  Using  these  values  for 
m  and  n  the  corresponding  values  for  if,  t/,  and  G  can  readily  be 
calculated.  This  gives  us  a  set  of  values  for  the  intrinsic  con- 
stants such  as  will  give  the  specified  values  for  the  operation  con- 
stants. 

While  it  is  not  to  be  presumed  that  this  particular  set  of  values 
will  lend  itself  most  readily  to  the  detail  design  and  construction, 
it  may  be  used  in  making  a  preliminary  detail  design.  A  little 
consideration  of  the  detail  design  will  show,  in  most  cases,  that 
the  resistance  of  the  galvanometer  can,  to  advantage,  be  made  much 
less  than  the  external  critical  resistance,  and  in  a  moving  coil  type  of 
galvanometer,  of  low  external  critical  resistance,  the  larger  part 
of  the  resistance  may  be  in  the  suspensions  rather  than  in  the 
coil.  Ordinarily,  such  a  preliminary  detail  design  will  enable  us 
to  choose  revised  values  for  Rg  and  for  D,  such  that  with  the  corre- 
sponding values  for  K,  U,  and  G  they  constitute  a  set  of  values 
for  the  intrinsic  constants  which  are  more  easily  realized  in  the 
detail  design  and  construction. 

To  get  the  best  results  in  the  general  design  of  a  galvanometer, 
one  should  be  reasonably  familiar  with  the  performance  and  con- 
struction of  somewhat  similar  galvanometers  (know  both  their 
operation  and  their  intrinsic  constants)  and  know  fairly  definitely 
the  properties  of  the  materials  available  for  the  construction  of 
the  proposed  galvanometer.  Usually  the  general  design  should 
be  considered  as  subject  to  slight  modifications  until  the  size  of 
the  mirror,  the  size  of  the  wire,  number  of  turns  of  and  dimen- 
sions of  the  winding,  the  strength  of  the  magnetic  field,  the  kind 
of  material,  section  and  length  of  the  suspensions,  and  most  of  the 
details  of  construction  are  decided  upon. 
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4.  DESIGN  FOR  CURRENT  SENSITIVITT 

Here  the  problem  is  to  design  a  galvanometer  which  shall  be 
suitable  for  use  in  class  A  measurements,  that  is,  in  those  measure- 
ments in  which  the  galvanometer  serves  to  detect  or  measure  a 
small  cturpit  in  a  circuit  of  high  resistance.  (See  p.  212.)  In 
general,  this  resistance  may  be  presumed  to  be  so  high  that  no 
accotmt  need  be  taken  of  the  effect  of  the  resistance  of  the  galva- 
nometer, or  of  the  voltage  generated  by  the  motion  of  its  moving 
system  upon  the  magnitude  of  the  current.  Stating  the  situation 
in  a  slightly  different  way,  the  power  which  can  reasonably  be 
dissipated  in  the  resistance  of  the  galvanometer  (Rgi^)  plus  that 
which  can  be  converted  into  mechanical  power  (i  e\  where  e'  is 
is  the  voltage  generated  by  the  motion  of  the  moving  system)  is  so 
small  in  comparison  with  the  power  supplied  to  the  circuit  that  no 
account  need  be  taken  of  it.  We  may,  therefore,  make  the  resist- 
ance, or  any  other  of  the  intrinsic  constants,  practically  as  large 
as  we  please. 

More  specifically,  the  problem  is  to  design  a  galvanometer  to 
be  critically  damped  in  a  circuit  of  very  high  resistance  and  have 
a  certain  deflection  period  and  current  sensitivity. 

Equations  (51)  to  (56),  inclusive,  give  the  relations  which  must 
be  satisfied  in  the  general  design.  Here,  R  is  the  resistance  which, 
when  connected  in  series  with  the  galvanometer,  gives  critical 
damping.  With  the  galvanometer  connected  in  a  circuit  of  very 
high  resistance,  it  is  the  value  of  the  shunt  necessary  to  produce 
critical  damping.  If  there  is  a  second  winding  for  which  the  ratio 
of  dynamic  constant  to  r^istance  is  such  as  will,  in  itself,  give 
critical  damping,  then  the  shimt  may  be  dispensed  with,  that  is, 
R  may  be  taken  as  indefinite.  There  is,  therefore,  no  definite 
limit  for  the  value  of  R,  It  is  desirable,  however,  either  to  have 
a  shunt  of  only  moderately  high  resistance  or  to  dispense  with  it 
entirely.  If  R  is  to  be  only  moderately  high,  the  first  matter  to 
be  decided  upon  in  the  general  design  is  the  resistance  of  the  gal- 
vanometer.  In  this  choice  much  will  depend  upon  the  size  and 
properties  (especially  magnetic  impurities  and  thickness  of  the 
insulation)  of  the  wire  available  for  winding  the  coil;  the  size  and 
kind  of  wire  available  for  the  suspensions;  the  period,  sensiti\4ty, 
size  of  mirror,  and  ruggedness  of  the  instrument  desired;  and  the 
skill  of  the  person  who  is  to  construct  it.  If  the  sensitivity  is  to 
be  high  the  winding  should  be  of  fine  wire,  the  number  of  turns 
should  be  fairly  large,  and  the  magnetic  field  shotdd  be  strong. 
However,  there  is  little  or  no  advantage  in  increasing  the  number 
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of  turns  to  the  point  at  which  the  inertia  constant  increases  as 
rapidly  as  the  dynamic  constant. 

Having  decided  upon  a  value  for  the  resistance  of  the  galva- 
nometer, experience  shows  that  the  external  critical  resistance  may 
be  chosen  from  2  to  20  times  Rg,  the  resistance  of  the  galvanom- 
eter (10  to  100  times  Rg  if  the  deflection  period  is  long).  Next, 
a  value  may  be  chosen  for  the  damping  constant  D.  This  value 
must  necessarily  be  less  than  the  maximum  corresponding  to  the 
chosen  values  for  the  resistances  and  specified  values  for  the 
deflection  period  and  current  sensitivity  as  shown  by  equation 
(51).  The  corresponding  values  for  the  inertia  constant  K,  the 
restoring  constant  U,  and  the  d3mamic  constant  G  may  then 
readily  be  calculated  from  equations  (52)  to  (56),  inclusive,  using 
the  positive  sign  in  equation  (56) .  The  preliminary  values  for  the 
intrinsic  constants,  foimd  in  this  way,  may  be  modified  to  suit 
better  the  conditions  met  in  the  detail  design. 

As  an  example,  assiune  that  a  galvanometer  is  desired  to  have  a 
deflection  period  of  six  seconds,  a  current  sensitivity  of  2000  mm 
per  microampere  and  be  critically  damped  with  a  resistance  in 
parallel  of  2000  ohms ;  that  is,  a  galvanometer  for  which 

Td  —d,  Si  «■  2000,  and  R  —  2000 

Here  the  sensitivity  and  resistance  are  expressed  in  the  units  com- 
monly used,  while  up  to  this  point  it  has  been  assumed  that  all 
quantities  would  be  expressed  in  cgs  units  or  in  the  same  system 
of  imits. 

Expressing  the  current  sensitivity  in  terms  of  the  deflection  on  a 
scale  I  meter  in  front  of  the  mirror  in  millimeters  per  microampere, 
the  resistances  in  ohms,  the  deflection  period  in  seconds,  and  the 
intrinsic  constants,  other  than  the  resistance  of  the  galvanometer, 
in  cgs  tmits,  requires  a  change  in  the  constant  in  the  equations 
expressing  the  relations  between  the  various  constants.  Making 
this  change  in  equations  (51)  to  (56),  which  give  the  relations 
which  must  be  satisfied  in  this  case,  they  may  be  written  as  follows: 

D<^  (78) 


•St 
^_i2.7T,Rmp  ^^^ 
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where 

w  «/?/(/? +i?,)  (82) 

and 

P^H[i±^i-SiD/TRm]  (83) 

From  experience  with  other  galvanometers,  we  would  judge 

that  it  would  be  convenient  to  make  the  coil  and  suspensions 

in  such  a  way  as  to  have  a  resistance  in  the  neighborhood  of 

200  ohms.     Using  this  value  for  Rg  and  2000  for  R,  it  follows 

from  equation  (82)  that 

w=o.9i 

and  using  this  value  for  m  and  the  specified  values  for  the  opera* 
tion  constants,  it  follows  from  equation  (78)  that 

D^o.016 

Taking  D — 0.008 

gives,  from  equation  (83) , 

/>-o.85 

Values  for  iC,  i/,  and  G  are  then  obtained  from  equations  (79), 
(80),  and  (81),  using  these  values  for  m  and  p  and  the  specified 
values  for  the  operation  constants.     Proceeding  in  this  way  gives 

i^« 0.027,  £> =0.008,  [/« 0.029 

G « 330000,  and  Rg  =»  200 

These  constitute  a  set  of  values  for  the  intrinsic  constants  which 
give  the  specified  values  for  the  operation  constants. 

These  values  for  the  period,  current  sensitivity,  and  external 
critical  resistance  are  those  given  by  the  Leeds  &  Northrup  Co." 
for  their  typt  of  high  sensitivity  galvanometer.  The  value  chosen 
for  the  resistance,  however,  is  considerably  less  than  the  value 
which  they  give.  Consequently,  their  values  for  the  other  intrinsic 
constants  must  differ  slightly  from  these  values. 

It  is  to  be  tmderstood  that  these  values  for  the  intrinsic  con- 
stants wotdd,  in  all  probability,  be  changed  slightly  to  better 
satisfy  conditions  met  in  the  detail  design.  However,  a  change 
of  a  htmdred  ohms  in  the  resistance  of  the  galvanometer,  so  that 
we  could  use  a  particular  size  of  wire  that  might  be  available, 
would  not  necessitate  any  very  appreciable  changes  in  the  other 
intrinsic  constants.  If,  on  considering  the  detail  design,  it  should 
be  found  that  it  would  be  better  to  have  all  the  intrinsic  constants 
larger,  all  that  would  be  necessary  would  be  to  choose  a  corre- 
spondingly larger  value  for  R. 

"  See  Leeds  and  Northrup,  Bulletin  No.  8S8. 
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In  designing  a  galvanometer  to  be  critically  damped  without  a 
shmit,  the  simpler  equations  (57),  (58),  and  (59)  may  be  used. 
Changing  the  constant  of  the  latter  to  correspond  with  the  imit  of 
sensitivity  used  here,  these  may  be  rewritten  as  follows 

K==^o.o8oT^D  (84) 

U^i.i^lT^  (85) 

G-i57oaSiD/Td  (86) 

It  will  be  noticed  that  the  resistance  of  the  galvanometer  does 
not  appear  here  and  that  there  are  only  three  conditions  to  be 
satisfied.  Therefore,  in  addition  to  the  resistance  any  other  one 
of  the  intrinsic  constants  may  be  chosen  entirely  arbitrarily.  The 
problem  of  the  design,  however,  is  not  materially  different  from 
that  just  considered,  except  that  some  means  must  be  provided 
for  producing  the  necessary  damping,  since  conditions  are  such 
that  the  voltage  generated  by  the  motion  of  the  moving  system 
can  have  no  appreciable  effect  upon  the  magnitude  of  the  current 
in  the  winding.  If  this  is  to  be  accomplished  by  an  auxiliary 
winding  closed  upon  itself,  the  constants  of  this  winding  may  be 
readily  calculated  after  K  and  U  are  determined,  providing  D\ 
the  damping  constant  with  both  main  and  auxiliary  windings 

open,  is  small  in  comparison  with  -^KU  or  is  known  approxi- 
mately.  Prom  equation  (76)  it  follows  that  the  relation  which 
must  be  satisfied  is 

2j-[2Vf7^-Z?']xio»  (87) 

where  g  is  the  d3mamic  constant  of  the  auxiliary  winding  in  cgs 
units  and  /  its  resistance  in  ohms. 

In  case  one  does  not  care  to  work  out  the  details  of  a  design  to 
such  an  extent  as  will  give  specified  values  for  the  operation  con- 
stants and  yet  wishes  to  construct  a  galvanometer  having  a  high 
current  sensitivity  and  a  short  deflection  period,  he  should  make 
the  ratio  of  the  value  for  the  dynamic  constant  to  the  value  for 
the  inretia  constant "  as  large  as  practicable.  This  follows  from 
equations  (84)  and  (86) ,  which  shows  that  for  this  case 

jT^j-^Xio-^  (88) 

» Ifftther,  PhJloMplilcal  Maguine,  M,  p.  434;  1890. 


wemmer]  Golvafiofneter  Design  235 

5.  DESIGN  FOR  VOLTAGE  SENSITIVITT 

Here  the  problem  is  to  design  a  galvanometer  which  shall  be 
suitable  for  use  in  class  B  measurements,  that  is,  in  those  meas- 
urements in  which  the  galvanometer  serves  to  detect  or  measure 
a  small  voltage  in  a  circuit  of  fairly  low  resistance.  (See  p.  213.) 
The  resistance  of  the  galvanometer  and,  during  the  time  the 
deflection  is  changing,  the  voltage  generated  by  the  motion  of  its 
moving  system  have  a  marked  effect  upon  the  magnitude  of  the 
current,  and  consequently  upon  the  magnitude  of  the  torque 
acting  upon  the  moving  system. 

Usually  the  apparatus  with  which  the  galvanometer  is  used 
(and  in  which,  imder  definite  conditions,  there  is  a  voltage  to  be 
detected  or  measured)  has  a  certain  resistance  between  the 
terminals  to  which  the  galvanometer  is  connected.  If  this  resist- 
ance is  R  and  the  voltage  e,  the  maximtun  current  that  may  be 
drawn  from  these  terminals  is  e/R  and  the  power  which  may  be 
dissipated  in  apparatus  connected  between  the  terminals  can  not 
under  any  condition  be  more  than  e^/^R.  This,  therefore,  is  the 
maximum  possible  value  for  power  available  for  producing  a 
deflection  of  the  galvanometer. 

However,  except  by  a  motion  of  the  moving  system,  this  elec- 
trical power  can  not  be  converted  into  mechanical  power.  There- 
fore, the  amount  of  energy  available  for  producing  a  deflection  of 
the  galvanometer  is  T^e*/^.  The  potential  energy  represented  by 
the  deflection  must  necessarily  be  considerably  less  than  this 
amount,  since  the  displacement  of  the  moving  system  takes  place 
according  to  a  particular  law,  as  shown  by  equation  (18),  so  that 
the  back  or  generated  voltage  is  not,  except  at  certain  instances, 
of  the  magnitude  necessary  for  galvanometer  to  receive  the  maxi- 
mum available  power.  Further,  some  power  is  lost  in  the  resist- 
ance of  the  winding  and  in  air  friction,  and  in  the  auxiliary  closed 
winding,  if  there  is  one. 

The  problem,  therefore,  is  very  different  from  that  which  has 
just  been  considered.  Instead  of  having  all  the  power  one  might 
care  to  dissipate  in  the  resistance  of  the  galvanometer  and  use  in 
producing  a  deflection,  the  amount  of  power  available  is  definitely 
limited.  Consequently  all  possible  ways  in  which  the  power  is 
used,  such  as  in  the  resistance  of  the  winding,  in  the  damping 
frame  or  auxiliary  winding,  in  case  there  is  to  be  one,  as  well  as  in 
air  friction  and  in  twisting  the  suspensions  or  tinning  the  magnet, 

50239^—16 5 
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it  must  considered.  It  might,  therefore  be  better  to  speak  of  the 
power  sensitivity,  or  possibly  the  energy  sensitivity,  rather  than 
the  voltage  sensitivity.  More  specifically,  the  problem  is  the 
design  of  a  galvanometer  to  be  critically  damped  when  connected 
to  an  external  circuit  having  a  resistance  R,  to  have  a  certain 
sensitivity  Se  to  voltage  in  this  circuit,  and  to  have  a  certain 
deflection  period  Td. 

Equations  (45)  to  (50)  give  the  relations  which  must  be  satis- 
fied. If  the  sensitivity  is  expressed  as  the  deflection  on  a  scale  i 
meter  in  front  of  the  mirror  caused  by  an  impressed  voltage  of 
I  microvolt,  the  resistances  are  expressed  in  ohms  and  the  other 
quantities  are  expressed  in  cgs  tmits,  these  equations  may  be 
written  as  follows : 

D<-^^  (89) 

^-^W^  (90) 

_     6400oTdn  ,     . 

G-^'-^ (92) 

where 

m^R/{Rg  +  R)  (93) 

and 

n  -  K[i  ±  Vi  -DRSe'/Ta'tn}  (94) 

The  first  thing  to  be  done  is  to  decide  upon  a  value  for  Rg,  the 
resistance  of  the  galvanometer.  This  value  when  substituted  in 
equation  (93)  gives  a  value  of  m.  Then  from  equation  (89)  the 
maximum  possible  value  for  D,  the  damping  constant,  is  obtained. 
Choosing  a  smaller  value  for  D,  a  value  for  n  is  obtained  from 
equation  (94) .  These  values  for  m  and  n,  and  the  specified  values  for 
the  operation  constants  substituted  in  equations  (90),  (91),  and 
(92)  give  values  for  the  remaining  intrinsic  constants  K,  C/,  and  G. 

It  will  be  observed  that  the  higher  the  sensitivity  and  the  shorter 
the  deflection  period  desired,  and  the  higher  the  resistance  of  the 
apparatus  with  which  the  galvanometer  is  to  be  used,  and  also  the 
higher  the  resistance  of  the  galvanometer  is  made,  the  smaller  " 
D,  K,  t/,  and  G  must  be.  For  galvanometers  of  high  sensitivity 
and  short  period  the  difficulties  met  in  the  detail  design  and  con- 
struction become  greater  the  smaller  we  attempt  to  make  the 

1*  The  value  of  (7,  however,  is  but  little  affected  by  the  value  of  i?,  of  l?c,  or  of  Td. 
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inertia  and  restoring  constants.  In  the  general  design  of  such 
galvanometers  we  should  therefore  aim  to  keep  these  constants 
about  as  high  as  is  possible.  Since  particular  values  usually  are 
desired  for  Td,  R,  and  Se  the  only  place  where  there  can  be  much 
choice  is  in  the  values  of  m  and  n,  which  should  be  kept  as  near 
unity  as  is  practicable.  That  is,  the  values  for  Rg  and  D  should 
be  so  chosen  that  Rg  is  small  in  comparison  with  R,  D  is  small  in 
comparison  with  its  maximimi  possible  value,  and  the  plus  sign  in 
equation  (94)  should  be  used.  The  procedure  given  here  is  one 
that  we  have  been  using  for  the  past  three  years,  and  a  fairly 
large  ntunber  of  general  designs  have  been  made.  In  a  few  cases 
the  corresponding  detail  designs  have  been  worked  out  and  the 
galvanometers  constructed. 

For  example,  let  us  consider  the  general  design  of  a  moving  coil 
galvanometer  to  be  critically  damped  with  an  external  resistance 
of  20  ohms,  to  have  a  deflection  period  of  10  seconds,  and  a  sensi- 
tivity of  20  nmi  per  microvolt,  that  is,  have 

R  =  20,  Td  =  10,  and  5e  =  20 

From  experience  in  the  construction  of  sensitive  galvanometers 
we  know  that  for  the  suspensions  of  this  galvanometer  very  fine 
wire  must  be  used,  and  that  it  would  be  difficult  to  make  their 
resistanoe  much  less  than  10  ohms.  We  also  know  that  there 
need  be  no  difficulty  in  making  the  coil  so  as  to  have  a  resistance 
of  less  than  5  ohms.  Taking  Rg^i2  gives,  from  equation  (93), 
m=o.62,  and  this  value  of  m  gives,  from  equation  (94),  Z? ^0.008. 
From  experience  in  the  construction  of  somewhat  similar  galva- 
nometers we  know,  if  we  are  to  use  an  approximately  uniform  radial 
field  with  a  coil  8  to  10  mm  wide  and  10  to  15  mm  long,  we  would 
have  difficulty  in  making  the  damping  constant  much  less  than 
0.004.  Taking  this  value  for  D  gives,  from  equation  (94),  n« 
0.85.  Values  for  the  remaining  intrinsic  constants  are  then 
obtained  from  equations  (90),  (91),  and  (92)  by  substituting 
these  values  for  m  and  n  and  the  specified  values  for  the  operation 
constants.     This  procedure  gives  as  a  complete  set  of  values 

iC=o.o2i,  Z?  =0.004,  L^  =0.0084 

G  ==  19  500,  and  /?  =  1 2 

The  galvanometers  "  which  we  designate  as  type  M  have  (with 
certain  adjustments)  very  nearly  these  values  for  their  intrinsic 
constants. 

^*  Warner,  Wcsbd,  and  Weaver,  Physical  keview,  S,  p.  497;  19x4. 
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It  may  be  of  interest  to  notice  that  the  maximum  values  possible 
for  the  different  intrinsic  constants  are  as  follows: 

-fir  =0.040,  Z?  =0.008,  f/= 0.016 

G  =  23  000,  and  Rg  no  limit 

and  that  K,  U,  and  G  can  be  made  to  have  these  values  only  in 
case  Rg  can  be  made  very  small  in  comparison  with  R,  and  D  can 
be  made  very  small  in  comparison  with  its  maximum  possible 
value.  It  may  also  be  of  interest  to  notice  that  should  a  galvanom- 
eter be  desired  having  the  same  external  critical  resistance  and 
sensitivity  but  a  deflection  period  only  half  as  long,  the  inertia 
constant  would  necessarily  be  only  one-eighth  as  large."  Also 
the  suspension  or  restoring  constant,  instead  of  being  larger, 
would  necessarily  be  only  about  one-half  as  lai^e. 

6.  DESIGN  ¥OKftdt  SENSFTIVITY 

Here  the  problem  is  to  design  a  galvanometer  suitable  for  use  in 
class  C  measm-ements,  that  is,  in  those  measurements  in  which  the 
galvanometer  serves  to  measure  a  small  quantity  or  cturent 
impulse.  (See  p.  213.)  Usually  the  current  impulse  results  from 
condenser  charge  or  discharge,  so  that  while  resistance  in  the 
circuit  affects  the  duration,  in  most  cases,  it  does  not  affect  the 
magnitude  of  the  impulse. 

Only  where  the  resistance  is  excessively  high,  much  higher  than 
there  is  any  need,  for  making  the  winding  of  a  galvanometer,  is 
there  any  appreciable  reduction  in  the  throw  because  of  the 
resistance.  The  problem  of  the  general  design  is  therefore  some- 
what similar  to  that  in  which  the  sensitivity  to  be  considered  is 
to  current,  except  that  the  relation  between  the  ballistic  period 
and  the  intrinsic  constants  is  very  different  from  the  relation 
between  the  deflection  period  and  the  intrinsic  constants.  More 
specifically,  the  problem  is  to  design  a  galvanometer  to  have  cer- 
tain particular  values  for  its  ballistic  period  and  Jidt  or  quan- 
tity sensitivity,  and  be  critically  damped  on  open  circuit  or  when 
shunted  with  a  fairly  high  resistance. 

For  example,  consider  the  design  of  a  galvanometer  to  be  crit- 
ically damped  on  open  circuit,  to  have  a  ballistic  period  of  two 
seconds  and  an  fidt  sensitivity  of  1000  mm  per  microcoulomb. 
The  problem,  then,  is  to  design  a  galvanometer  for  which 

Tb  =  2,  /?  =  00 ,  and  5q  =  1000. 

^■^— ^■^— ■— ^"i^— ^— ■— ^— ^— ^"■^^■^^^""^~^^^-^— ^~        ■  '"""^^      ^— ^^^— ~"^^^^— ^^^^— ^^^^^i«.»^^^«^^^«^^i^««^^^^^i^™^^™«— « 

>^  For  a  quick-acting  sensitive  galvanometer  the  advantage  of  making  the  inertia  constant  mudi  smaller 
than  has  previously  been  customary  is  pointed  out  by  Moll»  Proceedings  of  the  Koninkijke  Akodemie 
van  Wetenachappcn  te  Amsterdam,  16,  p.  149;  1913.  . 
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Let  us  assume  that  we  will  make  the  resistance  any  value  which 
the  detailed  design  shows  will  be  convenient,  and  that  we  will 
make  K^o.io  cgs  units.     Since  the  Jtd/  sensitivity  is  expressed  as 

the  deflection  on  a  scale  i  meter  in  front  of  the  mirror  in  millimeters 
per  microcoulomb,  if  the  other  quantities  are  to  be  expressed  in 
cgs  units*  then  equations  (73),  (74),  and  (75),  which  apply  in  this 
case,  may  be  written  as  follows: 

D^2K/n  (95) 

U^KITy?  (96) 

G  =  13600  SqA:Tb  (97) 

From  these  the  values  of  Z?,  t/,  and  G  may  be  readily  obtained 
by  a  substitution  of  the  particular  values  of  K^  Th,  and  Sq.  This 
gives  for  the  intrinsic  constants 

i?«o.io,  K^o.io,  f/ =0.025 

G  =»  860000,  and  Rg  =  any  value 

If  the  galvanometer  is  to  be  of  the  moving  coil  type  and  have 
the  pole  pieces  and  core  so  shaped  as  to  give  practically  a  radial 
field,  we  know  from  experience  that  the  damping  constant  Z?' 
(resulting  mainly  from  air  friction)  is  likely  to  be  in  the  neighbor- 
hood of  0.03  unless  some  effort  is  made  to  make  it  unusually  small. 
For  critical  damping  the  difference  between  D  and  J9',  amounting 
to  0.07,  must  be  provided  for  in  some  way.  If  this  is  to  be  by  an 
auxiliary  winding  closed  upon  itself,  then  from  equation  (76)  the 
relation  between  its  dynamic  constant  g  expressed  in  cgs  units 
and  its  resistance  r'  expressed  in  ohms  must  be  such  that 

^X  io"*'=o.o7 

If  conditions  are  met  in  the  detail  design  which  show  that  there 
would  be  an  advantage  in  having  larger  or  smaller  values  for  the 
intrinsic  constants,  there  would  be  no  difficulty  in  finding  a  new 
set  differing  widely  from  these  yet  giving  the  same  values  for  the 
operation  constants. 

For  a  galvanometer  to  be  shunted  so  that  critical  damping  is 
brought  about  by  cmrent  induced  in  the  main  winding  instead  of 
an  atixiliary  winding,  the  problem  of  the  general  design  is  not 
materially  different.  A  value  must  be  chosen  both  for  the  resist* 
ance  of  the  galvanometer  and  for  the  resistance  of  the  shunt*^ 
These,  together  with  the  values  for  the  operation  constants,  give 


240  BuUeiin  of  the  Bureau  of  Standards  ivoi.xs 

from  equations  (71)  and  (67)  an  upper  limit  for  the  damping  con- 
stant. Choosing  a  smaller  value  for  the  damping  constant,  values 
for  the  remaining  intrinsic  constants  may  be  calculated  from 
equations  (68),  (69),  and  (70).  Here  the  constants  of  the  equa- 
tions must  be  changed  imless  all  qauntities  are  expressed  in  cgs 
imits. 

7.  DESIGN  ¥0R  fedt  SEWSITIVITy 

•  Here  the  problem  is  to  design  a  galvanometer  which  shall  be 
suitable  for  use  in  class  D  measurements,  that  Ls,  in  those  measure- 
ments in  which  the  galvanometer  serves  to  detect  or  measure 
small  voltage  impulses  in  circuits  of  fairly  low  resistance.     (See 

p.  213.) 

Both  the  resistance  of  the  galvanometer  and  the  voltage  gen- 
erated by  the  motion  of  the  moving  system  have  a  marked  effect 
upon  the  magnitude  of  the  current  (the  latter,  of  course,  only 
while  the  deflection  is  changing)  and  consequentiy  upon  the  mag- 
nitude of  the  ballistic  throw.  The  problem  of  the  design  is  there- 
fore somewhat  similar  to  that  in  which  the  sensitivity  to  be  con- 
sidered is  to  voltage.  The  effects  of  the  resistance  of  the  winding, 
of  the  damping  on  open  circuit,  and  of  the  voltage  generated  by 
the  motion  of  the  moving  system  are  very  similar.  More  spe- 
cifically, the  problem  is  to  design  a  galvanometer  which  shall  be 
critically  damped  when  connected  to  an  apparatus  having  a  cer- 
tain resistance,  have  a  certain  sensitivity  to  a  voltage  impulse  in 
the  apparatus,  and  have  a  certain  ballistic  period. 

The  relations  which  must  be  satisfied  are  given  by  equations 
(61)  to  (66),  inclusive.  In  case  the  sensitivity  is  expressed  as  the 
deflection,  on  a  scale  i  meter  in  front  of  the  mirror,  in  millimeters 
per  microvolt-second,  the  resistances  are  expressed  in  ohms  and  the 
other  quantities  are  expressed  in  cgs  tmits,  these  relations  may  be 
written  as  follows: 

DSl^  (,8) 

K-'-^^fi  (99) 

On 

tn=R/(R  +  Rg)  (102) 

y=-  K[i  ±  Vi  -DRS^/s.^m]  (103) 
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In  earrying  out  any  particular  design  the  first  thing  to  be 
decided  upon  is  the  resistance  of  the  galvanometer,  and  it  will  be 
observed  that,  in  general,  the  higher  the  value  chosen  for  the 
resistance  the  smaller  all  the  other  intrinsic  constants  must  be 
made.  For  sensitive  galvanometers,  difficulties  are  met  in  the 
detailed  design  and  construction  if  the  inertia  and  restoring  con- 
stants must  be  small.  It  is  therefore  desirable  to  choose  a  value 
for  Rg  which,  if  practicable,  is  small  in  comparison  with  R.  Hav- 
ing decided  upon  a  value  for  Rg,  a  value  must  be  chosen  for  the 
damping  constant,  D.  If  practicable,  this  value  should  be  not 
more  than  half  the  maximum  possible  value  as  given  by  equation 
(98) .  A  much  larger  value  for  D  would  require  making  K  and  U 
considerably  smaller. 

For  example,  let  us  consider  the  general  design  of  a  galvanom- 
eter to  be  critically  damped  in  a  circuit  of  25  ohms,  not  including 
the  resistance  of  the  galvanometer;  to  have  a  ballistic  period  of 
I  second,  and  a  sensitivity  of  i  mm  per  microvolt-second.  That 
is  a  galvanometer  for  which 

i?  =  25,  Tb-i,  and  Sb  — i. 

If  the  galvanometer  is  to  be  of  the  moving  coil  type,  from 
experience  in  the  construction  of  similar  galvanometers  we  know 
that  it  would  be  difficult  to  make  the  resistance  much  less  than 
ID  ohms.  Taking  Rg  as  10  gives,  from  equation  (102),  m^o.71. 
This  value  in  gives,  from  equation  (98),  0.03S  as  the  maxiinum 
possible  value  for  D.  Taking  Z?  =0.019  gives,  ftx)m  equation 
(103)  >  7  =  0.85.  Values  for  the  remaining  intrinsic  constants  are 
then  readily  obtained  from  equations  (99),  (100),  and  (loi),  and 
we  have  as  the  complete  set 

/C«o.o62,  /?« 0.019,  t/ =0.062 

G — 62  600,  and  /?,  — 10. 

With  suitable  material  there  should  be  little  or  no  difficulty  in 
carrying  but  the  detailed  design  and  construction  so  as  to  obtain 
very  nearly  these  intrinsic  constants.  A  consideration  of  the 
detailed  design  would,  no  doubt,  suggest  some  slight  changes  in 
the  general  design. 

8.  DBTAIL  DESIGN 

The  detail  design  consists  in  deciding  upon  the  number  of  turns 
and  shape  of  the  winding,  the  size  and  kind  of  lyire  to  be  used,  the 
strength  of  the  magnetic  field,  or  the  size,  shape,  etc.,  of  the 
magnet;  the  length,  size,  shape,  and  kind  of  material  to  be  used 
for  the  suspensions,  the  size  and  shape  of  the  mirror,  all  so  as  to 
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obtain  for  the  intrinsic  constants  the  values  which  the  general 
design  shows  they  should  have.  It  also  includes  devising  some  of 
the  procedures  to  be  followed  in  the  construction,  means  for 
adjusting,  a  consideration  of  the  general  appearance,  etc.  In  case 
the  galvanometer  is  to  be  of  the  moving  magnet  type,  means  for 
astaticizing  and  shieldmg  against  outside  magnetic  fields,  arrange- 
ment of  soft  iron  cores,  if  any  are  to  be  used,  etc.,  must  also  be 
decided  upon. 

If  materials  were  available  having  just  the  form  we  should  like 
and  having  just  the  properties  we  should  like,  the  detail  design,  and 
also  the  construction  of  sensitive  galvanometers,  would  present  no 
special  difficulties.  However,  the  materials  available  are  gen- 
^-ally  not  in  the  most  suitable  form  and  are  more  or  less  lacking  in 
the  properties  we  should  like  them  to  have.  The  winding,  which 
should  be  nonmagnetic,  is  usually  slightly  magnetic  in  fairly  weak 
fields  and  more  magnetic  in  strong  fields,  the  wire  available  for  the 
winding  and  for  the  suspensions  has  resistance,  the  magnet  steel 
may  not  be  capable  of  maintaining  the  desired  field  tmless  the 
magnet  is  made  larger  or  the  air  gap  smaller  than  we  should  like, 
the  wire  of  the  winding  must  be  insulated  and  the  insulation  adds 
to  the  mass  and  takes  up  valuable  space,  and  even  the  air  damps 
the  motion  of  the  moving  system  and  thus  adds  to  the  energy 
necessary  to  produce  a  deflection.  If  the  galvanometer  must  be 
especially  delicate,  much  will  necessarily  depend  upon  the  skill 
and  even  the  temperament  of  the  person  who  is  to  carry  out  the 
construction.  For  these  reasons  many  compromises  must  be  made 
so  that  the  design  may  not  be  so  much  what  is  desired  as  what 
seems  most  feasible  under  the  particular  circumstances.  Such 
compromises  as  are  made  must  necessarily  be  made  in  such  a  way 
as  to  retain  those  values  for  the  intrinsic  constants  given  by  the 
general  design,  except  as  the  general  design  may  be  modified  to 
meet  better  the  conditions  encountered  in  the  detail  design  or 
construction. 

Because  the  materials  available  may  not  be  in  a  suitable  form 
or  may  not  have  suitable  properties,  the. detail  design  and  con- 
struction may  present  serious  difficulties  or  even  be  impossible  of 
realization.  It  is  in  the  avoiding  or  overcoming  of  those  diffi- 
culties that  real  skill  in  galvanometer  design  and  construction  is 
shown. 

However,  the  detail  design  of  galvanometers  or  of  any  particular 
galvanometer  is  not  a  matter  which  could  properly  be  considered 
fully  in  this  paper.     In  a  previous  paper  "  a  brief  detail  descrip- 
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tion  is  given  of  a  particular  type  of  instnunent,  and  possibly  in 

later  papers  matters  pertaining  to  detail  design  and  construction 

may  be  considered. 

IV.  SUMMARY 

1.  Attention  is  called  to  the  fact  that  galvanometers  are  used 
critically  damped  or  approximately  critically  damped  in  foin-  dis- 
tinct classes  of  measurements,  in  each  of  which  the  sensitivity 
with  which  the  user  is  concerned  is  with  respect  to  a  different 
quantity.  In  the  first,  it  is  with  respect  to  ciurent  in  a  circuit  of 
high  resistance;  in  the  second,  it  is  to  voltage  in  a  circuit  of  fairly 
low  resistance;  in  the  third,  it  is  to  current  impulse  in  a  circuit 
containing  a  condenser;  and  in  the  fourth,  it  is  to  voltage 
impulse  in  a  circuit  of  fairly  low  resistance. 

2.  A  clear  distinction  is  made  between  these  sensitivities  and 
other  operation  constants  in  which  the  user  of  the  galvanometer 
may  be  interested,  and  the  inertia  constant,  the  damping  constant, 
the  restoring  constant,  the  d)mamic  constant,  and  the  resistance, 
these  latter  being  the  construction  or  intrinsic  constants  with  which 
the  maker  of  the  galvanometer  is  concerned. 

3.  It  is  pointed  out  that  for  any  one  of  these  classes  of  work  the 
user  is  concerned  at  most  with  but  three  operation  constants, 
while  the  galvanometer  has  five  intrinsic  constants.  Hence,  dif- 
ferent values  for  the  intrinsic  constants  may  give  identical  values 
for  the  operation  constants;  or,  in  the  design  of  a  galvanometer 
to  have  particular  values  for  its  operation  constants,  values  for 
some  of  the  intrinsic  constants  may  be  chosen  arbitrarily. 

4.  It  is  shown  that  in  all  cases  the  value  for  the  resistance  of 
a  galvanometer  may  be  chosen  arbitrarily  without  interiering  in 
any  way  with  the  determination  of  values  for  the  remaining 
intrinsic  constants  such  that  the  galvanometer  will  have  the  pre- 
viously selected  or  specified  values  for  the  set  of  operation  con- 
stants pertaining  to  any  one  of  the  four  classes  of  measurements. 
However,  in  many  cases,  trnkss  a  fairly  low  value  is  chosen,  there 
may  be  difficulties  in  carrying  out  the  construction. 

5.  For  galvanometers  to  be  used  in  the  detection  or  measme- 
ment  of  current  in  a  circuit  of  high  resistance  or  of  current 
impulse  in  a  circuit  containing  a  condenser,  it  is  shovm  that  in 
addition  to  a  value  for  the  resistance  a  value  for  any  other  one  of 
the  intrinsic  constants  may  also  be  chosen  arbitrarily ;  and  values 
may  be  calculated  for  the  other  three  such  as  will  give  previously 
selected  values  for  the  operation  constants  pertaining  to  either  of 
these  two  classes  of  measurements.    This  is  in  case  the  galvanom- 
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eter  is  to  be  critically  damped  with  the  winding  open-circuited. 
In  case  a  shunt  is  to  be  used  to  bring  about  critical  damping,  cor- 
responding arbitrary  choices  in  values  may  be  made. 

6.  For  galvanometers  to  be  used  in  the  detection  or  measure- 
ment of  voltage  or  voltage  impulse  in  circuits  of  fairly  low  resist- 
ance, it  is  shown  that  when  a  value  is  chosen  for  the  resistance  an 
upper  limit  for  the  damping  constant  may  at  once  be  calcidated. 
Choosing  a  value  under  this  limit,  values  for  the  remaining  intrinsic 
constants  may  readily  be  calculated  to  give  previously  selected  or 
specified  values  for  the  operation  constants  pertaining  to  either 
of  these  two  classes  of  measurements.  Attention  is  called  to  the 
fact  that  the  higher  the  sensitivity  and  external  critical  resistance, 
and  the  shorter  the  period  desired,  the  smaller  must  be  the  inertia 
constant  and  the  restoring  constant. 

7.  The  detail  design  of  a  galvanometer,  which  consists  in  decid- 
ing upon  the  size  and  proportions  of  the  magnet;  the  size,  shape, 
and  number  of  ttuns  and  size  of  wire  for  the  winding;  the  size, 
shape,  and  kind  of  material  to  be  used  for  the  suspension,  and  all 
such  matters,  are  considered  briefly;  and  it  is  pointed  out  that 
much  must  necessarily  depend  upon  the  properties  of  the  materials 
available  for  use  in  the  construction  and,  especially  in  case  the  gal- 
vanometer must  be  delicate,  much  must  also  depend  upon  the  skill 
in  manipulation  of  the  person  who  is  to  carry  out  the  construction. 

This  paper  relates  to  a  part  of  a  general  investigation  of  galva- 
nometers which  is  being  carried  on  by  the  author  and  Ernest 
Weibel,  who  has  made  valuable  suggestions  concerning  matter 
discussed  here. 

Washington,  December  30,  191 5. 
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L  INTRODUCTION 

The  Bureau  of  Standards  took  up  the  matter  of  standard  wave 
lengths  of  light  over  a  year  ago  and  a  list  of  such  wave  lengths 
was  published.*     In  that  paper  attention  was  called  to  the  need 

I  This  Bulletin.  12.  p.  X79;  19x5  (Scientific  Psper  No.  ssi). 
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aad  demand  for  such  work  on  account  of  its  importance  to  astrono- 
mers, metrologists,  ph3rsicists,  and  chemists.  It  may  be  stated 
that  the  demand  for  more  accurate  wave  lengths  is  increasing. 
This  demand  is  being  made  by  the  theoretical  physicist  and  also 
by  the  analytical  chemist.  Some  instances  have  come  to  the 
attention  of  the  Bureau  in  the  past  year  in  which  it  was  difficult 
or  impossible  to  make  an  anal3rsis,  due  to  the  present  imperfect 
state  of  wave-length  determinations.  The  first  step  must  be  to 
determine  the  standards  of  wave  length  and  it  is  the  purpose  of 
this  Bureau  to  make  such  determinations  as  accurately  as  pos- 
sible throughout  the  entire  length  of  spectrum  which  can  be 
photographed.  The  present  article  is  a  continuation  of  the  work 
published  in  the  paper  to  which  reference  was  made  above.  In 
that  paper  the  reason  for  using  the  iron  spectrum  was  given, 
the  present  state  of  standards  was  discussed,  and  the  hope  of 
cooperation  with  other  observers  was  expressed. 

n.  THE  REGION  OF  THE  SPECTRUM  COVERED 

The  present  paper  covers  the  region  3233A  to  6750A  (iA=  i  X 
io"^nmi),the  whole  range  of  the  international  standards.  There 
are  too  few  of  these  standards  for  many  purposes,  so,  wherever 
it  was  possible,  lines  were  observed  at  intervals  of  about  loA; 
that  is,  the  wave  length  of  each  successive  line  is  loA  greater 
than  that  of  the  line  preceding.  At  many  points  in  the  iron 
spectrum  it  is  impossible  to  find  sharp  lines  of  sufficient  intensity 
at  such  close  intervals.  In  some  cases,  lines  of  an  tmsatisfactory 
character  were  measured  in  these  regions  and  experience  may 
prove  that  these  lines  are  worthless  as  standards.  No  impurity 
lines  were  observed.  The  advisability  of  using  imptuity  lines  to 
fill  gaps  in  the  iron  spectrum  will  be  taken  up  in  a  later  publica- 
tion. At  present  we  are  of  the  opinion  that  these  lines  should 
be  used  with  circtunspection. 

nL  APPARATUS 

The  apparatus  used  was  similar  to  that  previously  described.* 
The  light  from  the  arc  was  focused  on  the  interferometer  by 
means  of  a  simple  quartz  lens.  The  interferometer  plates  were 
quartz  disks  8  nmi  in  thickness,  whose  inner  smfaces  had  a  semi- 
transparent  coating  of  platinum,  cathodically  deposited.  These 
plates  were  kept  parallel  to  each  other  by  means  of  invar  sepa- 

*  This  Bulletin.  12,  p.  179;  1915  (Scientific  Paper  No.  352.) 
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rators.  The  aperture  of  the  interferometer  was  limited  to  9  mm 
by  a  diaphragm.  The  interference  rings  were  projected  upon  the 
slit  either  by  means  of  a  quartz-fluorite  lens  or  by  a  glass  lens 
which  was  achromatic  throughout  the  visible  spectrum.  This 
latter  was  designed  by  Mr.  Tillyer  and  made  at  the  Btu-eau  of 
Standards.  The  spectrum  was  formed  by  an  Anderson  concave 
grating  motmted  in  parallel  light.  The  first  order  is  very  bright 
on  one  side,  and  the  second  on  the  same  side  is  quite  satisfactory 
in  this  respect.  In  the  second  order  the  scale  is  5A  per  milli- 
meter; about  900A  can  be  photographed  in  sharp  focus  in  the 
second  order,  and  1800A  in  tlie  first.  The  grating  was  ruled 
299  lines  per  millimeter,  there  being  39  800  lines  in  all.  Light 
passing  through  the  slit  fell  upon  a  concave  mirror,  from  which 
it  was  returned  as  a  parallel  beam  to  the  grating  placed  close 
beside  the  slit.  The  grating  was  moimted  on  one  end  of  a  webbed 
steel  beam  which  could  be  rotated  aroimd  the  axis  passing  through 
the  center  of  the  grating.  The  other  end  of  the  beam  slipped 
along  a  double  track,  thus  bringing  the  different  orders  of  the 
spectrum  to  the  camera,  which  was  free  to  slide  lengthwise  of  the 
beam.  When  the  proper  region  was  reached  the  camera  was 
clamped  firmly  to  the  double  track,  which  was  strongly  cemented 
to  a  solid  brick  pier.  The  whole  apparatus  could  be  clamped  to 
massive  piers,  which  were  all  cemented  to  a  thick  concrete  floor. 
The  stability  of  the  spectroscope  apparently  leaves  nothing  to 
be  desired,  as  the  longest  exposures  were  perfectly  sharp.  On 
accoimt  of  the  fact  that  the  slit  and  the  center  of  the  grating 
are  4°  apart,  as  seen  from  the  mirror,  there  is  a  slight  astigmatism 
in  the  image.  The  focus  of  the  camera  was  usually  set  to  make 
the  rings  sharp.  In  the  first  order  region,  4900A  to  6800A,  this 
procedure  broadened  the  lines  too  much  and  a  mean  focus  was 
used.  The  peculiar  bend  in  the  reduction  curve  in  this  region 
may  be  connected  with  this  fact. 

IV.  SOURCE 

The  source  was  an  arc  either  of  electrolytic  iron  or  of  Norway 
iron,  the  former  being  used  for  at  least  one  plate  in  each  region. 
The  normal  conditions  recommended  by  the  international  wave 
length  committee'  were  rigorously  fulfilled.  The  region  3500A 
to  4200A  was  observed  with  both  4  and  6  amperes,  but  no  dif- 
ferences in  wave  length  were  detected  as  a  result  of  the  increased 
current  strength. 

*  Kayser  et  alii,  Astroph.  J..  89.  p.  93;  19x4. 
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V.  THE  OBSERVATIONS 

Seed  27  plates  were  used  throughout,  but  to  photograph  the 
region  4900A  to  6750A  the  plates  were  bathed  in  pinaverdol  and 
dicyanin  with  ammonia.  In  the  region  3200A  to  4200A  there 
were  measured:  Four  exposures  of  i;  five  of  6;  one  each  of  15, 
20,  and  30;  and  two  of  60  minutes'  duration.  In  the  region 
3500A  to  4500A  the  exposures  were:  Five  of  2;  five  of  5;  two  of 
20;  and  three  of  25  minutes.  The  region  4100A  to  5100A  was 
covered  by  exposures  as  follows:  Three  of  3;  two  of  5;  one  of 
10;  four  of  15;  one  of  25;  and  four  of  50  minutes.  Finally,  in 
the  region  4900A  to  6800A,  the  following  exposiues  were  measured : 
One  of  i;  two  of  3;  three  of  5;  three  of  9;  two  of  15;  three  of 
20;  two  of  90;  and  one  each  of  65,  80,  and  100  minutes'  duration. 
The  first  three  regions  were  photographed  in  the  second  order; 
4900A  to  6800A  was  taken  in  the  first  order.  In  almost  every 
case  two  or  more  exposures  were  measured  on  the  same  plate. 

These  exposures  were  made  without  disturbing  the  interferome- 
ter. In  3  cases  out  of  24  there  was  a  change  in  the  thickness  of 
about  one  part  in  a  million,  and  in  a  few  other  cases  there  was  a 
barely  perceptible  change.  These  changes  were  probably  due  to 
a  variation  in  the  temperature,  although  the  thermometer  beside 
the  interferometer  registered  no  appreciable  change.  By  allow- 
ing the  light  to  fall  upon  the  interferometer  for  half  an  hour 
before  taking  the  plate  this  trouble  could  be  avoided.  A  short 
exposure  was  always  made  first,  and  another  short  exposing 
usually  followed  the  long  one.  In  any  case,  each  exposing  was 
worked  out  by  itself  and  this  expansion  of  the  interferometer 
caused  no  difficulty.  In  a  few  cases  the  long  exposiu-e  on  a  plate 
was  too  dense  to  permit  of  accurate  measurement  of  a  sufficient 
number  of  standards.  In  such  cases  the  long  and  short  exposures 
were  tied  together  by  lines  of  intermediate  intensity.  It  will  be 
seen  at  once  that  this  method  would  lead  to  erroneous  results 
in  case  there  were  an  intensity  equation.  The  question  will  be 
discussed  later  in  connection  with  the  grating  observations. 

VI.  METHOD 

I.  STAin>ARDS  AND  CORRECTIONS 

The  method  of  reduction  was  that  of  Buisson  and  Fabry,*  out- 
lined in  the  former  paper  on  wave  lengths.  Since  the  secondary 
I.  A.  standards  were  used,  it  is  probable  that  at  all  points  in  the 

*  Buisson  and  Fabry,  Astroph.  (8).  28;  (i)  p.  169;  2908. 
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spectrum  the  resulting  system  is  more  nearly  correct  than  would 
have  been  the  case  if  the  fundamental  standard  had  been  used. 
For  these  standards  are  the  result  of  three  independent  series  of 
observations,  and  in  the  mean  are  no  doubt  very  nearly  correct. 
The  use  of  the  fundamental  standard  would  have  introduced  the 
troublesome  question  of  phase  change,  and  the  results  would 
surely  have  been  no  more  nearly  correct  than  any  one  of  the  three 
original  series  of  observations.  Having  used  the  I.  A.  normals, 
it  is  probable  that  the  mean  wave  length  of  several  lines  near 
any  point  in  the  spectrum  is  very  nearly  as  acciu^te  as  the  I.  A. 
system  at  that  point.  Since  the  standards  were  distributed 
throughout  the  whole  region,  no  correction  to  normal  temperature 
and  pressure  was  necessary. 

2.  USE  OF  THREE  INTERFEROMETERS 

In  one  particular  the  present  investigation  departs  from  the 
practices  of  former  observers,  namely,  in  the  use  of  at  least  three 
interferometers  for  the  observation  of  each  line.  This  procedure 
has  many  advantages.  For  one  thing,  some  lines  can  not  be 
observed  with  a  very  high  order  of  interference,  and  in  order  to 
meastu^  the  wave  lengths  of  these  lines  one  is  tempted  to  use  a 
low  order,  and  so  sacrifice  the  accuracy  that  might  be  obtained 
for  other  lines  in  using  a  thicker  interferometer.  By  using  a 
low,  an  intermediate,  and  a  high  order  these  poor  lines  may  be 
measured  with  some  accuracy,  and  the  accuracy  of  the  good  lines 
is  no  doubt  somewhat  increased.  The  wave  lengths  of  the  sharp 
lines  were  not  derived  by  means  of  the  thickest  interferometer 
alone  for  the  reason  that  it  was  considered  more  important  to 
eliminate  the  effect  of  a  small  error  in  the  determination  of  the 
angular  diameter  of  the  ring  system.  The  elimination  of  this 
error  is  accomplished  by  using  more  than  one  etalon,  since  the 
standards  are  situated  throughout  the  whole  region  under  obser- 
vation. In  changing  from  one  interferometer  to  another,  care 
was  taken  to  rotate  the  plates  with  respect  to  each  other  in  order 
to  minimize  the  effect  of  slight  irregularities  in  their  surfaces. 
In  the  case  of  double  lines,  the  components  may  be  nearly  in 
phase  in  one  interferometer  but  out  of  step  in  another.  In  this 
way  a  few  doubles  were  eliminated.  A  good  illustration  is  found 
in  5269.5A.  This  line  gives  sharp  interference  of  orders  38  thousand 
and  57  thousand,  but  shows  two  sets  of  rings  of  order  28  thousand. 
The  wave  lengths  of  the  two  components  are  5269.495   and 
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5269.595,  the  interval  being  great  enough  to  be  seen  with  a  lai^ge 
grati^tig.  In  a  few  other  cases  the  wave  length  determined  by 
one  interferometer  differed  too  much  from  that  found  by  means 
of  another,  and  the  line  was  discarded  on  the  ground  that  it 
might  be  a  close  double.  Poor  lines,  of  course,  could  not  be 
observed  with  the  higher  orders  of  interference,  and  no  line  which 
is  measured  by  means  of  only  one  interferometer  is  recommended 
as  a  standard  where  the  highest  accuracy  is  involved. 

3.  REDUCTION 

Having  15  to  30  standards  on  each  plate,  the  thickness  of  the 
interferometer  was  determined  from  three  or  more  of  them  and 
all  wave  lengths  computed.  Then  all  available  standards 
(observed  minus  I.  A.)  were  represented  as  closely  as  possible  by  a 
smooth  curve.  The  curve  was  usually  a  straight  line  excepting 
in  the  region  4900A-6800A.  In  this  latter  region  the  line  was 
bent  at  6100A,  and  was  always  straight  from  6100A  to  6800A. 
This  bend  is  thought  to  be  due  to  instrumental  causes,  yet  it 
may  be  due  in  part  to  inaccuracies  in  the  secondary  standards. 
Having  drawn  the  ciuve,  all  wave  lengths  were  corrected  by 
means  of  it. 

Vn.  RESULTS 
1.  USE  OF  EARLIER  MEASUREMENTS 

In  the  region  3 233 A  to  3600A  all  wave  lengths  which  had  been 
published  by  the  Bureau  *  were  remeasured  by  means  of  at  least 
one  interferometer  whose  thickness  differed  from  that  used  in  the 
earlier  work.  If  the  new  wave  length  did  not  exactly  check  the 
old,  the  line  was  completely  remeasured.  All  lines  which  were 
poorly  determined  (marked  **C")  in  the  earlier  work  were  com- 
pletely remeasured;  this  includes  all  lines  between  3600A  and 
3701A.  The  mean  of  all  observations,  both  the  earlier  determi- 
nations and  those  made  by  the  writers,  was  used  to  form  the 
value  found  in  Table  i .  From  5434A  to  6750A  all  lines,  formerly 
measured  by  Burns,"  were  completely  remeasured  unless  they 
were  too  faint  on  the  Bureau  plates.  Usually  the  mean  of  all 
observations,  the  early  measurements  by  Bmns  and  those  by 
the  writers,  was  used  as  the  value  to  be  published  in  Table  i. 

*  This  Bulletin,  12,  p.  179;  15x9  (Scientific  Paper  No.  asx). 
«  Btams,  Jour,  de  Phys.,  5th  series.  8,  p.  457;  19x3. 
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However,  in  some  cases  the  dispersion  used  by  Bums  was  consid- 
ered inadequate  to  separate  close  pairs  sufficiently,  and  only  the 
observations  made  at  the  Bureau  were  used. 

2.  CHARACTER  OF  LINES 

The  limiting  order  with  which  a  line  can  be  observed  is  a  direct 
measure  of  its  sharpness.  Further,  it  is  of  interest  to  know  that 
a  line  has  been  examined  by  means  of  more  than  one  interferom- 
eter, as  a  double  may  show  interference  of  a  high  order.  Fre- 
quently a  line  will  show  poor  rings  in  each  of  several  orders,  but 
usually,  if  a  line  is  poor  at  a  given  order,  it  shows  no  rings  at  all 
when  the  path  difference  is  increased  30  to  50  per  cent.  The 
character  of  the  lines  may  be  judged  by  an  inspection  of  their 
behavior  tmder  increasing  order,  the  data  being  f otmd  in  Table  i . 
Unless  otherwise  noted  all  lines  of  wave  length  less  than  3960A 
which  are  included  in  the  table  showed  sharp  rings  in  interfer- 
ometers of  2  mm  and  3  mm  thickness. 

3.  DESCRIPTION  OF  TABLE  1 

Colimm  I  contains  the  observed  wave  length  at  15®  and  760 
mm.  Column  2  contains  the  intensity  and  character  of  the  line 
as  seen  by  means  of  a  grating,  using  6  or  7  amperes.  **b"— . 
broad;  "d"-double;  "h"-hazy;  "l"-shadcd  to  red;  "r"- 
narrow  reversed;  **v"— shaded  to  violet.  Colimm  3  contains 
letters  which  indicate  the  probable  error  deduced  from  the  agree- 
ment of  individual  exposures.  ''A''  indicates  a  probable  error 
less  than  0.0007A;  "B,"  Q.0007A  to  0.0012A;  "C"  means  that 
the  determination  was  poor.  Column  4  contains  the  orders  of 
interference  in  thousands  which  were  used  in  measuring  the  wave 
length,  and  coltmm  5  contains  additional  orders  at  which  the 
lines  were  examined  but  not  measured.  An  asterisk  (*)  indicates 
that  the  rings  were  measurable  but  not  sharp;  an  exclamation 
point  (I)  indicates  the  absence  of  interference.* 

f  We  suggest  that  a  laboratory  study  of  the  sharpness  of  lines  under  varying  conditions  may  be  of  great 
assistance  in  interpreting  solar  and  stdlar  phenomena,  when  the  ahaipaese  of  lines  in  celestial  sources 
shall  have  been  investigated. 

60239<»— 16 6 
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TABLE  1 
Wave  ToWighii  and  Cbanicton  of  lion 


(3233-6750) 


Wave  laoftli 

I 

9.6. 

OrdwlCsM. 

Ontor  Bmw. 

3233.056 

5 

A 

23    31 

46 

36.227 

5 

A 

23    31 

46 

39.440 

8 

B 

23 

18*    31*    461 

44.189 

8 

B 

23 

18*    31*    461 

54.367 

4 

A 

23    31 

46 

57.598 

4 

B 

23    31 

46 

65.622 

6 

A 

23    31 

461 

71.005 

6b 

A 

23    31 

461 

80.264 

5 

A 

23    30 

46 

84.593 

4 

A 

23    30 

46 

86.760 

8 

A 

23 

12*    18*    301 

90.992 

4 

B 

23    30 

3298.136 

5 

A 

23    30 

451 

3305.977 

8 

A 

23    30 

06.358 

8 

A 

23    30    45* 

14.746 

6 

A 

23    30 

45 

23.741 

4 

A 

23    30 

45 

28.870 

4 

A 

23    30 

45 

37. 670 

4 

A 

22    30 

47.930 

4 

A 

22 

30 

55.232 

4 

A 

22    30    45 

70.787 

6 

A 

22    29    44 

79. 024 

4 

B 

22    29    44 

80.115 

5 

A 

22    29    44 

83.984 

5 

A 

22    29    44 

92.658 

5 

A 

22    29    44 

94.588 

4 

A 

22    29    44 

96.981 

3 

A 

22    29 

44 

3399.338 

6 

A 

22    29    44 

3401.523 

4 

A 

22    29    44 

02.261 

4 

A 

22    29    44 

07.464 

7id 

A 

22 

18*    291 

13.136 

7 

A 

22    29    44 

15.537 

4 

A 

22    29    44 

17.844 

6 

A 

22    29    44 

1&512 

5 

A 

22    29    44 

24.289 

6 

A 

22 

29     441 

27.122 

6 

B 

22 

29*    441 

28.197 

6 

A 

22    29    44 

31.822 

2b 

C 

22    29 

441 

42.366 

4 

B 

22    29    44* 

45.153 

4 

A 

22    29    43 

47.282 

6 

A 

22    29    43 

50.332 

6 

A 

22    29    43 

58.306 

3 

A 

22    29    43 

59.916 

4 

A 

22    29 

43* 

76.707 

5r 

A 

22 

11*    17*    29* 

43* 

85.343 

6 

A 

21    29    43 

89.673 

4 

A 

21    29    43 

95.292 

4v 

A 

21    29    43 
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TABLE  l—Contmiied  . 
Wa?e  Lengths  and  Characters  of  Iron  Lines  (3231-6750)--Continued 


Wave  length 

I 

p.e. 

OidMMM 

M. 

Ordw] 

8«m. 

07.111 

4 

B 

21 

29 

43* 

3497.847 

5r 

B 

21 

• 

11* 

17* 

29*    43* 

3506.501 

5 

A 

21 

29    43 

13.822 

5 

A 

21 

11* 

17* 

281 

21.266 

5r 

B 

21 

11* 

17* 

281 

27.796 

4 

B 

21 

28 

42* 

571 

29.819 

4 

B 

21 

28 

42* 

57J 

36.558 

6 

A 

21 

11* 

28* 

421 

41.089 

6h 

A 

21 

11* 

17* 

281 

42.060 

6 

A 

21 

11* 

17* 

281 

45.642 

5 

A 

21 

28 

42 

54.928 

8h 

B 

21 

11* 

17* 

281 

56.878 

6h 

A 

21 

11* 

17* 

281 

5&519 

5r 

C 

21 

11* 

17* 

28*    42* 

60.703 

2 

A 

21 

28    42 

56* 

71.999 

7h 

B 

21 

28 

42t 

76.762 

4 

A 

21 

28    42 

56 

82.203 

4 

A 

21 

28    42 

56 

86.117 

5 

A 

21 

28    42 

56f 

89.106 

4 

A 

21 

28    42 

56 

3594.632 

5 

A 

21 

28* 

42* 

561 

3603.207 

5 

A 

21 

28    42 

56 

06.682 

5 

A 

21 

28 

42* 

551 

iai59 

5h 

B 

21 

11* 

17* 

281 

12.064 

4 

B 

21 

28 

42* 

55! 

17.789 

6 

A 

21 

28    42 

55t 

21.464 

6 

A 

21 

28    41 

551 

22.007 

6 

B 

21 

28    41 

55* 

23.188 

5 

A 

21 

28    41 

55 

25.150 

6 

B 

21 

28 

41 

581 

32.044 

6 

A 

21 

28    41 

55 

38.299 

6 

B 

21 

28    41 

55 

40.392 

6 

A 

21 

28    41 

56* 

45.825 

4 

A 

21 

27    41 

55 

51. 471 

6 

A 

21 

27    41 

59.520 

5 

A 

21 

27    41 

55 

• 

09.524 

6 

A 

20 

27    41 

55 

76. 313 

4 

A 

20 

27    41 

54 

83.058 

4 

B 

20 

27    41* 

541 

84.112 

5 

A 

20 

27    41 

54* 

89.458 

6 

B 

20 

27 

41* 

541 

3695.055 

3 

A 

20 

27    41 

54 

3701.064 

6 

B 

20 

27 

41* 

541 

• 

04.465 

5 

A 

20 

27    40 

54 

07.050 

3h 

A 

20 

27    40» 

54t 

. 

15. 915 

2 

A 

20 

27    40 

54 

24.380 

6 

A 

20 

27    40 

54 

31.377 

1 

•A 

20 

27    40 

54 

- 

32.401 

6 

A 

20 

27    40 

541 

. 

38.308 

4 

A 

20 

27    40 

54 
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TABLE  1— Continued 
Wave  Lengths  and  Characters  of  Iron  Lines  (3233-6750) — Continued 


Wav»  length 

I 

p,: 

Order  Men. 

Order  Bnm. 

• 

44.101 

2h 

B 

20  27  40» 

541 

53.615 

5 

A 

20  27  40 

54 

. 

60.053 

5 

A 

20  27  40 

54  • 

65.544 

6 

A 

20  27  40 

541 

74.828 

2 

A 

20  27  40 

54 

81.190 

1 

A 

20  26  40 

53 

85.951 

5 

B 

20  26  40 

53 

86.680 

3 

A 

20  26  40 

53 

3794.342 

3 

A 

20  26  40 

53 

3805.346 

6 

A 

20  26  39 

53* 

14. 527 

2 

A 

20  26  39 

52 

21. 181 

6 

A 

20  26  39 

S2» 

33.313 

4 

A 

20  26  39 

52 

43.261 

5 

A 

20  26  39 

52 

50.821 

5 

A 

19  26  39* 

821 

52.578 

3 

A 

19  26  39 

52 

59.215 

5 

A 

19  26  39 

52 

67.220 

3 

A 

19  26  39 

52 

73.764 

4 

A 

19  26  39 

52 

84.362 

2 

A 

19  26  39 

51 

3891. 932 

4 

A 

19  26  39 

51 

3903.903 

3 

A 

19  26  38 

51 

07.938 

3 

A 

19  26  38 

51 

17.186 

5 

A 

19  25  38 

51 

25.948 

3 

A 

19  28  38 

51 

35. 817 

4 

A 

19  25  38 

51 

40.883 

4 

A 

19  25  38 

51 

48.780 

4 

A 

19  25  38 

51 

52.606 

4 

B 

19  25  38 

51 

66.068 

5 

A 

19  25  38 

50 

77.746 

5 

A 

19  25  38 

50 

83.963 

5 

A 

19  25  38 

50 

90.380 

1 

A 

19  25  38 

50 

3997.397 

6 

A 

19  25  38 

50 

4009.718 

5 

A 

19  25  37 

50 

14.536 

4 

A 

19  25  37 

50 

21.872 

5 

A 

19  25  37 

50 

31.966 

2 

A 

19  25  37 

50 

41.298 

1 

A 

19  25  37 

49 

44.616 

2 

A 

19  25  37 

49 

62.448 

4 

A 

18  25  37 

49 

66.980 

4 

A 

25  37 

49 

74. 792 

3 

A 

25  37 

49 

85. 010 

2 

A 

24  37 

49 

4095.977 

3 

A 

24  37 

49 

4107.494 

5 

A 

24  36 

49 

18.  551 

6 

A 

24  36 

49 

27.614 

4 

A 

24  36 

48 

• 

34.684 

5 

A 

24  36 

48 

43.420 

5 

A 

24  36 

48 
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TABLE  1— Continiied 
Wave  Lengths  and  Ctumcten  of  Iron  Lines  (3233-6750)— Continued 


Wav»  length 

I 

9.6. 

Older  Mms. 

Older  Bnm. 

47. 675 
56.804 
^70.906 
75.642 
81.760 

4 
4 
2 
4 
6 

A 
A 
A 
A 
A 

24    36      48 
24    36      48 
24    36      48 
24    36      48 
24    36      48 

4191. 446 

4203.989 

13.653 

16.188 

22.227 

6 
3 
2 
4 
8 

C 
A 

A 

A 

•   B 

24    36* 

36      48 
24    35      47 
24    35      47 
24    35 

481 

471 

45.261 
67.834 
68.758 
82.408 
91.469 

2 
2 
2 
6 

1 

A 

A 
C 

A 
A 

24    35      47 
23    35      47 
23    35      47 
23    35      47 
23    35      47 

429&042 

4309.379 

15.090 

27.100 

37.052 

2 
2 
5 
2 
5 

A 
A 
A 
A 
A 

23    35      47 
23    35      46 
23    35      46 
23    35      46 
23    35      46 

52.740 
58.507 
67.583 
69.777 
75. 935 

4 
2 
2 
3 

5 

A 
A 
A 

A 
A 

23    34      46 
23    34      46 
23    34      46 
23    34      46 
23    34      46 

87.898 

4390.956 

440a421 

22.573 

27. 315 

2 
3 

4 
4 
5 

A 
A 
A 
A 
A 

23    34      46 
23    34      46 
23    34      45 
23    34      45 
23    34      45 

3a  622 
35.154 
42.346 
43.199 
47. 725 

4 
2 
5 
3 
5 

A 
A 
A 
A 
A 

23    34      45 
23    34      45 
23    34      45 
23    34      45 
23    34      45 

54.386 
59.125 
61.658 
66.556 
76.023 

3 
5 
4 
5 
7 

A 
A 
A 
A 
A 

22    34      45 
22    34      45 
22    34      45 
22    34      45 
22    34      45 

84.234 

4494.571 

4514. 192 

17.530 

28.622 

3 
5 

2 
2 

7 

A 
A 
A 
A 

B 

22    33      45 
22    33      45 
22    33      44 
22    33      44 
22    33 

441 

31.154 
47.853 
52.546 
74. 725 
81.526 

5 

3 
2 
2 
2 

A 

A 
B 
B 
B 

22    33      44 
22    33      44 
22    33      44 
22    33      44 
22    33      44* 
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TABLE  1— Continued 
Waye  Lengths  «nd  Characters  of  Iron  Lines  (3233-6750)— Continued 


Wave  lioglh 

I 

p.e. 

OnteMMs. 

Order  Szun. 

87.135 

2 

B 

22    33 

44 

92.656 

4 

A 

22    33 

44 

4595.364 

2 

B 

22    33 

44 

% 

4602.007 

2 

B 

22    33 

43 

02.946 

4 

A 

22    33 

43 

07.663 

4 

B 

22    33 

43 

13.221 

3 

A 

22    33 

43 

19.299 

4 

A 

22    32 

43 

25.061 

4 

A 

22    32 

43 

30.128 

3 

A 

22    32 

43 

• 

32. 917 

3 

A 

22    32 

43 

37. 519 

4 

A 

22    32 

43 

47.439 

4 

A 

22    32 

43 

67.461 

4 

A 

21    32 

43 

68.152 

4 

A 

21    32 

43 

78.857 

5 

A 

21    32 

43 

4691. 417 

4 

A 

21    32 

43 

4707.289 

5 

A 

21    32 

42 

10.288 

3 

A 

21    32 

42 

33.597 

3 

A 

21    32 

42 

35.849 

2 

A 

21    32 

42 

. 

36.790 

5 

A 

21    32 

42 

41.535 

3 

A 

21    32 

42 

57.585 

2 

B 

21    32 

42 

72.820 

* 

3 

A 

21    31 

42 

86.812 

3 

A 

21    31 

42 

88.763 

2 

A 

21    31 

42 

4789. 657 

3 

A 

21    31 

42 

4802.887 

2 

B 

21    31 

42 

39. 551 

2 

B 

21    31 

41 

59.756 

5 

B 

21    31 

71.333 

8 

A 

21    31 

72.154 

6 

A 

21    31 

78.227 

5 

A 

20    31 

4890.771 

7 

B 

20    31 

4903.326 

5 

A 

20    31 

611 

19.009 

8 

A 

20    31 

611 

24.777 

3 

A 

20    30 

611 

38.828 

5 

A 

20    30 

611 

39.691 

3 

A 

20    30 

m    ^ 

61 

46.403 

2 

A 

20    30 

40 

61! 

66.106 

5 

A 

20    30 

40 

601 

73.116 

2 

A 

20    30 

40 

601 

78. 617 

2 

A 

20    30 

40 

60t 

4994.133 

3 

A 

20    30 

40 

60 

5001. 879 

5 

A 

20    30 

40 

601 

12.072 

4 

A 

20    30 

40 

60 

14.958 

4 

A 

20    30 

40 

60 

22.250 

4 

A 

20    30 

40 

601 

28.130 

2 

A 

20    30 

40 

60 
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Wave  lioglh 

I 

p.*. 

OftfcrMMS. 

ChdMBnm. 

41.076 

3 

A 

20    30 

40 

59 

41. 759 

4 

A 

20    30 

40 

59 

49.827 

5 

A 

20    30 

40 

59 

51.638 

4 

A 

20    30 

40 

59 

68.782 

4 

A 

20    30 

39 

59t 

83.343 

4 

A 

20    30 

39 

59 

5098.709 

4 

C 

29 

39 

20      59 

5110. 414 

4 

A 

20    29 

39 

59 

23.724 

4 

A 

20    29 

39 

59 

27.364 

3 

A 

20    29 

39 

58 

31. 473 

2 

A 

19    29 

39 

58 

41.745 

2 

A 

19    29 

39 

58 

50.844 

4 

A 

19    29 

39 

58 

51. 914 

3 

A 

19    29 

39 

58 

66.285 

3 

A 

19    29 

39 

58 

67.495 

8 

C 

29 

39 

*       19      581 

71.600 

7 

A 

19    29 

39 

58 

91. 471 

7 

A 

19    29 

38 

58 

92.362 

8 

A 

19    29 

38 

581 

519a  716 

4 

A 

19    29 

38 

58 

5202.340 

5 

A 

19    29 

38 

58 

A 

06.609 

4 

A 

19    29 

38 

58 

# 

16.278 

5 

A 

19    29 

38 

57 

25. 529 

2 

A 

19    29 

38 

57 

32.957  • 

8 

A 

19    29 

38 

57! 

35.395 

2 

A 

19    29 

38 

57 

42.496 

3 

A 

19    29 

38 

.     57 

50.651 

3 

A 

19    29 

38 

57 

63.321 

5 

A 

19    28 

38 

57» 

66.572 

8 

A 

19    28 

38 

571 

70.360 

8 

C 

28 

38 

19     571 

81.807 

5 

A 

19    28 

38 

57* 

5283.636 

7 

A 

19    28 

38 

57* 

5302.315 

5 

A 

19    28 

38 

571 

07.364 

2 

B 

19    28 

38 

57 

i 

22.047 

2 

C 

19    28 

38 

561 

24. 195 

6 

A 

19    28 

38 

561 

28.538 

4 

B 

28 

38 

19      56* 

32.902 

2 

A 

19    28 

38 

56 

41.027 

5 

A 

19    28 

37 

56 

53.385 

2 

A 

19    28 

37 

561 

65.403 

2 

A 

19    28 

37 

56 

71.497 

7 

C 

28 

19     371 

79.579 

2 

A 

19    28 

37 

56 

93.183 

4 

A 

19    28 

37 

561 

5397.132 

6 

A 

19    28 

37 

561 

5405.781 

6 

A 

19    28 

37 

551 

29. 701 

6 

A 

18    28 

37 

551 

34.528 

6 

A 

18    28 

37 

55 

46.920 

6 

A 

18    28 

37 

551 
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TABLE  1— Continued 
WtLJt  Lengths  and  Chancters  of  Iran  Lines  (5213-^50)— Continued 


Wsvs  tengfh 

I 

p.e. 

Oidw  Men. 

OrdwBnm. 

55.614 

6 

A 

18    27 

37 

551 

73. 913 

3 

A 

18    27 

37 

551 

5497.521 

4 

A 

18    27 

37 

55 

5501.468 

4 

A 

18    27 

37 

54 

06.783 

4 

A 

18    27 

37 

54 

25.557 

2 

B 

18    27 

37 

541 

35.423 

2 

B 

18    27 

37 

541 

43.184 

2 

C 

18    27 

37 

541 

43.953 

2 

B 

18    27 

37 

541 

63.611 

3 

B 

18    27 

37 

541 

69.633 

5 

A 

18    27 

37 

54* 

72.859 

5 

A 

18    27 

37 

54* 

76.106 

4 

A 

18    27 

37 

SA* 

5586.772 

6 

A 

18    27 

36 

SA* 

• 

5615. 661 

6 

B 

18    27 

36 

531 

18.646 

1 

B 

•     18    27 

36 

24.559 

5 

B 

18    27 

36 

53* 

38.276 

3 

A 

18    27 

35 

531 

41.458 

2 

C 

18 

27     35* 

53! 

55.505 

2 

C 

18 

27»    351 

58.835 

4 

B 

18    26 

35 

53* 

*     62.534 

3 

A 

18    26 

35 

531 

5693.638 

2 

B 

18    26 

35 

5701.  553 

3 

A 

18    26 

35 

53* 

09.395 

3 

A 

17    26 

35 

S3* 

« 

17.853 

3 

B 

17    26 

35 

521 

31.774 

3 

B 

17    26 

35 

41.865 

2 

C 

17 

26      351 

53.142 

3 

A 

17    26 

35 

52* 

63. 013 

4 

A 

17    26 

35 

,52* 

75.099 

3 

B 

17    26 

35 

52* 

91.045 

2 

B 

17    26 

34 

93.936 

2 

C 

17    26 

341 

5798.198 

2 

C 

17    26 

34 

5862.348 

4b 

c 

17 

261 

5883.842 

4 

c 

17 

26*    34* 

5905.682 

2 

c 

17 

25*    34» 

51! 

16.252 

3 

B 

17    25 

34 

51! 

34.681 

4 

B 

17    25 

34 

501 

75.352 

2 

A 

17    25 

33 

5976.804 

2 

B 

17    25 

33 

6003.037 

3 

B 

17    25 

33 

08.582 

3 

B 

17    25 

33 

27.059 

2 

A 

17    25 

33 

42.092 

2 

A 

17    25 

33 

55.990 

3h 

B 

17 

25*    33! 

65.492 

4 

A 

16    25 

33 

49 

7&484 

3 

B 

16 

25* 

6009.570 

1 

B 

16    25 

6102. 185 

3 

C 

16    24* 

33! 
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Wvm  lenfUi 

I 

j.e. 

OidwMeu. 

Order  Bnm. 

27.914 

2 

A 

16    24      33 

36.625 

4 

A 

16    24      33 

49 

37.700 

4 

A 

16    24      33 

49 

41.758 

B 

16    24      33 

51.632 

2 

C 

24      32 

16 

57.736 

2 

B 

16    24      32 

65.370 

2 

B 

16             32 

70.405 

2b 

C 

16 

24*    321 

73.344 

2 

B 

16    24      32 

6191. 569 

5 

A 

•16    24      32 

49 

6200.323 

2 

A 

16    24      32 

13.440 

3 

A 

16    24      32 

48 

15.152 

2 

B 

16    24      32 

19.290 

3 

A 

16    24      32 

48 

3a  734 

5 

A 

16    24      32 

48 

32.667 

2 

A 

16    24      32 

40.660 

2 

B 

16    24      32 

46.340 

4 

A 

16    24      32 

48» 

52.567 

4 

A 

16    24      32 

48 

54.266 

3 

A 

16    24      32 

48 

56.372 

3 

A 

16    24      32 

48 

65.143 

3 

A 

16    24      32 

48 

70.236 

2 

C 

24      32 

16 

80.625 

2 

A 

16    24      32 

6297.802 

3 

B 

16    24      32 

48 

6301. 524 

5 

B 

16    24      32 

48 

02. 515 

3 

B 

16    24      32 

48 

18.028 

4 

A 

16    24      32 

47 

22.697 

3 

A 

16    24      32 

35.342 

4 

A 

16    24      32 

47 

36.846 

4 

A 

16    24      32 

47 

« 

44.159 

2 

B 

16    24      32 

55.042 

3 

B 

16    24      31 

• 

80.753 

3 

B 

16    23      31 

6393. 612 

5 

A 

16    23      31 

47 

6400.027 

5 

A 

16    23      31 

47» 

6408.044 

4 

B 

16    23      31 

47 

11. 674 

5 

A 

16    23      31 

47 

21.360 

4 

A 

16    23      31 

47 

30.857 

5 

A 

16    23      31 

47 

62.737 

4 

A 

15    23      31 

75.639 

3 

C 

15    23      31 

• 

81.882 

3 

A 

15    23      31 

6494.994 

5 

A 

15    23      31 

46 

6518.382 

3 

B 

15    23      31 

46.253 

5 

A 

15    23      31 

46 
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Wave  lioglh 

I 

9.6. 

Order  Mms. 

Order  Bnm. 

75.029 

3 

A 

15    23 

30 

02.926 

5 

A 

15    23 

30 

46 

6593.884 

3 

C 

15    23 

30 

46 

6609.125 

4 

A 

15    23 

30 

63.454 

4 

A 

15    22 

30 

45 

667a  000 

5 

A 

IS    22 

30 

45 

6750. 164 

4 

B 

15    22 

30 

44 

ROTBS  TO  TABLB  1.-OTHBR  INTSRfSltXnCB  OBSBRVATIOH S 

3371.  Buisson  and  Fabry,'  0.003;  Pfund,'  o.coS. 
3333.  Buiason  and  Fabry,  0.739;  Pfund,  0.738. 

3536.  This  wave  length  may  have  been  affected  by  a  neighboring  line. 
4678.  Buisson  and  Fabry,  0.855. 
5137.  Buiason  and  Fabry,  0.364. 
5535.  Buisson  and  Fabry,  0.418. 
5934.  Buisson  and  Fabry,  0.683. 
6003.  Buiason  and  Fabry,  0.039;  Eversheim,'  0.039. 

6137.  The  value  formerly  obtained  by  one  of  us,  0.919,  was  not  used  in  taking  the 
mean  on  account  of  the  large  discrepancy. 
6663.  EvezBheim,  0.449. 

^  Sec  note  4,  p.  148.        *  Unpubliahed.        '  Bvershdm.  Amul.  dcr  Phys.,  4th  saies,  46,  p.  454;  19x4. 

Vm.  AGREEMENT  OF  STANDARDS 

1.  GENERAL 

The  fact  that  for  15  standards  the  diflFerence,  Bureau  of  Stand- 
ards minus  International,  could  be  reasonably  well  represented 
by  a  straight  line  permits  a  determination  of  the  relative  accuracy 
of  the  individual  I.  A.  standards.' 

2.  STANDARDS  FOR  WHICH  B.  S.-L  A.  IS  GREATER  THAN  0.001A 

Eighty-one  standards  were  measured.  Expressed  in  o.ooi  A,  the 
differences  B.  S.  minus  I.  A.  are  as  follows:  o,  27;  ±1,  35;  ±2,  12; 
±3,  5;  ±4,  2.  The  following  table  contains  all  standards  for 
which  this  difference  is  over  0.00 1  A.  Differences  of  0.002 A  are 
to  be  expected  octasionally,  as  the  probable  error  of  the  standard 
is  sometimes  quite  large.  In  Table  2  the  first  column  contains 
the  B.  S.  value;  the  second,  the  I.  A.;  the  third,  some  recent 
determinations  bv  Eversheim*:  and  the  last  column  contains  the 
p.  e.  of  the  standard. 


*  Kayser  et  alii,  Astroph.  J.. SS,  p.  *t5. 1909;  aadSSp  p.  93.  X9X4« 


*  See  note  j,  this  page. 
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TABLE  2 
StendanU  DIfferiiig  by  More  fhan  0.001A  fram  L  A.  Values 


Wav»  Itngtkt 

LA. 

B. 

p.  6. 

W«v«  Itngtkt 

LA. 

B. 

p.t. 

3370.787 

789 

0.6 

5001.879 

881 

1.4 

3485.343 

345 

5167.495 

492 

•  0 

3556.878 

881 

1 

5266.572 

569 

«  m 

4191.446 

443 

• 

1 

5371.497 

495 

L2 

4592.656 

658 

6261143 

145 

145 

1.7 

4736. 790 

786 

6430.857 

859 

856 

1.4 

4859.756 

758 

6546.253 

250 

250 

L2 

4878.227 

225 

6592.926 

928 

920 

1.2 

4919.009 

007 

6678.000 

004 

997 

1.6 

4966.106 

104 

HOTBS  TO  TABLE  8 

3556  and  4x91  are  poor  lines  which  could  be  measured  only  with  a  small  order  of 
interference.    They  had  little  weight  in  the  final  results. 

The  B.  S.  value  of  5167  is  poorly  determined,  being  marked  "C"  it  is  not  meant 
as  a  definitive  wave  length. 

5366  was  measured  on  15  exposures,  only  5  of  which  gave  values  less  than  0.57a. 

4736  and  6678  had  no  weight  in  the  reductions.  It  is  to  be  noted  that  Eversheim  's 
most  recent  determination  is  more  in  accord  with  B.  S.  value  than  was  his  value 
which  entered  into  the  mean  which  is  published  as  I.  A. 

6546.247  was  used  by  the  international  committee  as  one  of  three  observations,  the 
mean  of  which  is  the  I.  A.  wave  length.  This  is  a  typographical  enor.  The  correct 
value  is  6546.254,  and  the  resulting  mean  is  0.253,  which  causes  the  discrepancy 
B.  S.  minus  I.  A.  to  vanish  in  the  case  of  this  line. 

3.  UNSATISFACTORT  STANDARDS 

The  line  3677  was  measured  on  all  the  plates  used  in  this  region, 
yet  it  was  excluded  from  Table  i  on  account  of  the  large  discrep- 
ancies found  in  the  values  obtained  for  it.  .  The  following  lines 
are  too  poor  on  all  of  our  plates:  3865,  3906,  4076,  4233.  The 
following  standards  are  lacking  in  sharpness  compared  with  other 
lines  in  their  neighborhoods:  3513,  3556,  3850,  4191,  5371. 

4.  POLE  BFFBCT  AND  INTERn£R£NCB  MBASUREMBNTS 

• 

Between  4707  and  5324,  inclusive,  and  between  5569  and  5763, 
inclusive,  the  greater  part  of  the  standards  have  been  found  by 
St.  John  and  Babcock  *®  to  have  longer  wave  lengths  at  the  pole 
than  in  the  center  of  the  arc.  Now,  the  standard  wave  lengths 
were  not  observed  under  normal  conditions  and  the  present  series 
was  observed  under  the  conditions  specified  by  the  international 
committee.  So  if,  when  meastu^d  by  interference,  these  lines 
were  displaced  by  the  change  in  conditions,  we  should  have  a 


^  St.  John  and  Baboock.  A8tnq>h.  J.,  ^»  p.  sjx;  19x5. 
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break  in  our  reduction  curve  at  4700A,  also  at  5350A,  5510A,  and 
5800A.  There  being  no  standards  between  5763A  and  602  7A,  it 
is  impossible  to  say  whether  or  not  a  break  occurs  at  5800A.  It 
is  very  evident  that  no  break  of  over  0.00 1 A  occurs  at  any  of  the 
other  points,  in  fact,  there  is  no  evidence  of  any  break  at  all. 
This  leads  us  to  suppose  that  such  interference  observations  as 
have  been  made  give  consistent  results,  regardless  of  the  character 
of  the  lines  in  reference  to  pole  shift.  It  is  to  be  remembered 
that  the  interferometer  uses  a  small  portion  of  the  center  of  the  arc, 
where  Goos  "  and  St.  John  and  Babcock  agree  that  shifts  are  not 
to  be  feared.  Thus  it  seems  probable  that  the  measurement  of 
additional  lines  on  the  plates  from  which  the  I.  A.  standards  were 
obtained  would  lead  to  the  same  values  of  the  wave  Iwgths  as 
though  the  plates  had  been  taken  imder  normal  conditions.  It 
follows  that  an  enormous  amoimt  of  valuable  data  might  be 
obtained  from  these  plates  at  the  expense  of  a  relatively  small 
amotmt  of  labor.  It  is  to  be  hoped  that  the  spectroscopists  who 
cooperated  in  the  determination  of  the  I.  A.  standards  may  be 
induced  to  measure  a  large  number  of  additional  lines  on  the 
plates  which  were  used  in  this  determination. 

IX.  COMPARISON  WITH  GRATING  MEASUREMENTS 

1.  GEITERAL  AGREEMENT 

The  wave  lengths  given  in  Table  i  were  compared  with  all 
series  of  grating  measurement  of  the  iron  spectrum  which  have 
been  made  on  the  I.  A.  system.  The  results  of  this  comparison 
are  given  for  the  benefit  of  anyone  who  may  wish  to  use  the 
grating  determinations  to  fill  in  gaps  in  the  series  determined  *by 
means  of  the  interferometer.  The  recent  measm^ments  of  Goos,** 
3370A  to  4233 A,  are  very  consistent  with  the  interferometer 
values,  the  mean  diJBFerence  Goos  minus  B.  S.  being  0.0017 A. 
The  older  work  of  Goos  *•  was  done  with  a  different  instrument 
and  the  agreement  with  Table  i  is  not  good  to  the  red  of  4400A. 
The  work  of  Janicki,"  4282A  to  4903A,  is  in  excellent  agreement 
with  the  B.  S.  values,  the  mean  difference  Janicki  minus  B.  S. 
being  0.00 1 5 A.  Aside  from  the  lines  for  which  the  values  observed 
on  Mount  Wilson  differ  from  those  found  at  Pasadena,  the  wave 
lengths  of  St.  John  and  Ware"  (4127A  to  6494A)  are  also  in 

>i  Goos,  2a.  f.  wias.  Phot.,  IS,  p.  259;  19x3. 

"  Gooe,  Astron.  Nach.,  190,  p.  31;  19x4. 

"  Gooe,  2a.  i.  wiss.  Phot.,  11,  pp.  x,  305;  ipza. 

i«  Janidd,  2a.  I.  wiss.  Phot.,  18,  X73;  X923. 

^  St.  John  and  Ware,  Astroph.  J.,  M.  p.  14, 1919;  S8.  p.  5, 19x3. 
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close  agreement  with  the  Bureau  results.  The  mean  difference 
St.  John  and  Ware  minus  B.  S.  is  about  0.0016A.  The  work  of 
Viefhaus  *•  is  not  in  agreement  with  the  B.  S.  results  for  wave 
lengths  shorter  than  3800A,  and  not  in  very  good  agreement  for 
the  lines  of  greater  wave  length.  The  tables  of  Btuns  "  extend 
throughout  the  entire  region  under  consideration  and  these  values 
are  in  fair  agreement  with  the  B.  S.  system  throughout,  the  mean 
difference  Bums  minus  B.  S.  being  0.0019. 

The  differences,  Grating  minus  B.  S.,  were  taken  for  each 
series  and  these 'data  were  collected  for  each  200  A.  In  5  out  of 
these  1 3  regions  the  algebraic  means  for  the  best  grating  measure- 
ments  agreed  in  showing  a  difference  between  the  B.  S.  and  the 
grating  scale.  This  is  no  doubt  due  in  part  to  an  acciuntilation  of 
errors  of  like  sign  in  the  B.  S.  table,  and  in  part  to  the  fact  that 
the  grating  follows  the  local  standards  much  more  closely  than 
does  the  interferometer.  Further,  the  grating  observers  used 
some  manganese  standards  and  some  iron  standards  which  were 
too  poor  to  be  observed  on  oiu-  plates.  •  The  greatest  difference 
is  0.0019A  in  the  region  6200A  to  6400A. 

The  arc  has  been  used  under  nonnal  conditions  in  only  a  com- 
paratively  small  part  of  the  grating  work  that  has  been  done  to 
date,  and  eventually  the  work  will  be  repeated,  observing  tmder 
normal  conditions.  Further,  there  will  eventually  be  other  inter- 
ference measurements  of  the  greater  part  of  the  lines  contained 
in  Table  i,  and  the  means  will  be  taken  to  establish  I.  A.  stand- 
ards. For  these  reasons  the  correction  of  the  grating  observa- 
tions so  as  to  make  them  fit  the  B.  S.  scale  does  not  seem  to  be 
justified  at  present.  And,  for  about  one-third  of  the  spectrum, 
the  mean  of  the  grating  observations  without  correction  would 
not  make  the  individual  lines  agree  much  better  with  the  inter- 
ferometer work.  If  it  is  desired  to  fill  a  gap  in  Table  i  with  a 
wave  length  which  is  fairly  consistent  with  the  B.  S.  scale,  it 
seems  best  at  present,  all  things  considered,  to  take  the  value 
from  any  one  of  the  grating  series  for  which  the  mean  value  of 
Grating  minus  B.  S.  is  less  than  0.002 A. 

2.  mXENSriY  EQaATION 

By  this  is  meant  any  difference  in  wave  length  which  is  a  ftmc- 
tion  of  the  intensity  of  the  line.  It  is  illustrated  by  the  differ- 
ences St.  John  and  Ware  minus  Btuns  in  the  region  5200A  to 

^*  viefhaus,  Zs.  f.  wiss.  Phot.,  IS,  pp.  909,  245;  Z914. 
"  Bums.  Lick  Obs.  Bulletin.  8,  p.  37;  zpij. 
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5400A.  The  mean  difference  of  six  lines  of  intensity  two  and 
three  is  +0.0035A,  all  dififerences  being  plus;  the  mean  for  eight 
lines  of  intensity  four  and  five  is  —0.0004,  the  differences  being 
zero,  positive,  and  negative;  finally,  the  mean  difference  for  six 
lines  of  intensity  greater  than  five  is  +0.0002,  the  differences 
again  being  zero,  positive,  and  negative.  It  is  plain  that  in  this 
region  the  wave  lengths  of  faint  lines  are  systematically  greater 
as  measured  by  St.  John  and  Ware  than  as  measured  by  Bums. 
This  effect  is  often  seen  in  the  comparison  of  the  results  from  two 
grating  plates  of  long  exposure,  particularly  if  there  has  been  a 
change  of  temperature  during  either  expostu^.  It  may  also  result 
from  slight  errors  in  the  adjustment  of  the  grating,  or  from  the  use 
of  an  imperfect  grating.  If  such  an  equation  is  found,  only  lines 
of  the  same  intensity  as  the  standards  can  be  measured  with  the 
highest  precision.  Consequently  the  most  careful  examination 
for  this  phenomenon  was  made  in  connection  with  the  inter- 
ference observations.  Only  one  plate  showed  any  certain  evi- 
dence of  it. 

On  the  other  hand,  comparison  with  the  best  series  of  grating 
observations  showed  this  effect  in  every  case.  That  the  fault 
did  not  lie  with  the  interferometer  seems  evident  from  the  fact 
that  in  only  one  limited  extent  of  spectrum  were  the  different 
series  of  grating  observations  all  in  accord.  The  differences, 
Grating  minus  B.  S.,  were  collected  into  three  groups  with  ref- 
erence to  the  intensity  of  the  lines;  faint,  moderate,  and  strong. 
Then  the  mean  difference  for  the  moderate  lines  was  subtracted 
from  that  for  the  faint  lines,  and  the  mean  difference  for  the  strong 
lines  was  subtracted  from  that  for  the  moderate  lines.  For  one 
excellent  series  of  observations  this  procedure  gave  positive 
results  throughout  the  whole  spectrum;  that  is,  the  grating 
obtained  a  longer  wave  length  for  the  faint  lines.  In  the  case  of 
another  series  of  grating  observations  the  opposite  was  true  for 
the  greater  part  of  the  spectrum.  Thus,  the  comparison  with 
grating  measurements  tends  to  strengthen  the  view  that  the  inter- 
ferometer wave  lengths  are  comparatively  imaffected  by  any 
intensity  equation. 
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X.  CHARACTER  OF  CERTAIN  ADDITIONAL  LINES 
1.  REJECTED  nrTBRIBRENCB  OBSERVATIONS 

The  following  lines,  formerly  observed  by  one  of  us  **  by  the 
interference  method,  were  omitted  from  Table  i  for  various 
reasons.  In  Table  3  '*p"  indicates  that  the  values  determined 
from  individual  plates  were  too  discordant;  '4.  w.,"  low  weight, 
indicates  insuflficient  observations;  '*d"  means  double;  '*f  *'  means 
faint;  and  **b"  indicates  that  the  rings  lacTced  sharpness. 

TABLE  3 
Rejected  Interference  Observations 


Wav»  leaffli 

noiM 

Wave  laoftli 

1 

Wave  lanfth 

NoCaa 

3443 

d 

5602 

(«) 

5984 

b,p 

3466 

d 

57U 

f 

6020 

(•) 

5436 

I.P 

5714 

f 

6358 

(>) 

5483 

isp 

5809 

P 

6569 

b,Lw. 

5567 

Uv 

5952 

P 

5596 

b,l.w. 

5956 

P 

B  There  is  another  line  too  dose  to  5602  and  6oao. 

^  The  poor  agreement  from  one  intctf  eromcter  to  another  succests  a  satellite  in  the 

2.  TERTIARY  STANDARDS 


of  6358. 


In  Table  4  is  found  a  list  of  those  lines  which  have  been  suggested 
for  tertiary  standards  by  two  or  more  investigators,  and  which 
have  not  been  observed  by  interference.  Column  i  contains  the 
wave  length  as  meastu-ed  by  Bums.*'  For  reasons  stated  above, 
the  wave  lengths  were  selected  from  one  of  the  series  of  grating 
observations,  and  that  of  Bums  was  chosen  on  account  of  its 
being  the  only  one  which  includes  all  of  the  lines.  Column  2 
gives  the  intensity  and  character  of  each  line;  R= broad  reversal; 
for  other  symbols  see  description  of  Table  i .  Column  3  indicates 
the  order  of  interference  in  thousands  which  these  lines  show  on 
the  Bureau  plates.  As  in  Table  i ,  the  asterisk  (*)  indicates  that 
the  rings  were  poor,  and  the  exclamation  point  ( ! )  shows  lack  of 
interference.  With  rare  exceptions,  these  lines  are  less  sharp,  and 
therefore,  no  doubt,  less  suitable  for  standards,  than  other  lines 
in  their  neighborhood  which  have  already  been  meastu^d  by  inter- 
ference methods. 


u  See  notes  5  and  6,  p.  050. 


M  See  note  17.  p.  063. 
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TABLE  4 


Character  of  Certain  Suggested  Standards 


Waftt  tooftlui 

I 

Ordor 

Wtvelengtba 

I 

Order 

3372.081 

3 

22 

30 

44» 

95.004 

6r 

11* 

201 

78.662 

4 

22 

30 

97.516 

5 

20 

26 

40      53 

87. 410 

4 

22 

30 

44 

9&512 

6r 

11* 

20* 

261 

3406.607 

4 

22 

29 

44 

99.548 

6r 

11* 

201 

iai7S 

2 

22 

29 

44 

3606.702 

6 

20 

26 

39      53* 

25.021 

4 

22 

29 

44 

08.732 

2 

20 

26 

39      53 

31.827 

2b 

22 

29 

15.844 

7R 

HI 

37.958 

2 

22 

29 

20.430 

8R 

101 

40.614 

7R 

121 

25.886 

8R 

101 

40.992 

6R 

121 

27.826 

6R 

101 

51.920 

6 

22 

29 

43 

34.227 

7R 

101 

52.279 

4 

22 

29 

43 

4a  443 

6R 

101 

65.864 

6R 

121 

41.052 

6R 

101 

69.012 

2 

22 

29 

46.806 

5 

20 

26 

39     S2» 

69.83« 

2 

22 

29 

43* 

56.373 

6R 

101 

74.436 

2 

22 

29 

431 

59.913 

7R 

101 

77.850 

2 

22 

29 

65.526 

6r 

10* 

19* 

261 

78.623 

2 

22 

29 

72.506 

6r 

10* 

19* 

261 

83.012 

4 

21 

29 

43* 

78.024 

6r 

10* 

19* 

261 

90.577 

6R 

12 1 

83.288 

2 

19 

26 

39      51 

350a570 

2 

21 

28 

43 

86.287 

7R 

lot 

04.866 

2 

21 

28 

431 

8&520 

7b 

1^ 

261 

05.065 

2 

21 

28 

43 

95.659 

5r 

10* 

191 

08.492 

4v,d 

21 

28<» 

431 

97.892 

4 

19 

26 

38     51* 

ia443 

2 

21 

28 

43» 

9&013 

4 

19 

26 

38     51* 

33.004 

4 

21 

28 

43* 

99.711 

6r 

10* 

191 

33.196 

5 

21 

28 

43* 

3901950 

7r 

10* 

191 

49.873 

3 

21 

28 

42     56* 

0a484 

5r 

10» 

19* 

26* 

52.840 

4b 

21 

28* 

421 

13.635 

2 

19 

26 

38     51 

67.045 

4b 

21 

28 

421 

2a  261 

6r 

10* 

191 

7a  102 

7R 

lit 

22.917 

6R 

101 

81.197 

8R 

lit 

25.650 

2 

19 

26 

38     51 

82.202 

4 

21 

28 

42     56* 

3a  304 

7R 

101 

87.749 

2b 

21 

28 

421 

32.635 

3 

19 

25 

38     51 

89.453 

3 

21 

28 

42     56* 

42.446 

3 

19 

25 

38      51 

99.628 

3 

21 

28 

42     561 

49.956 

4 

19 

25 

38      51 

3602.515 

2v 

21* 

281 

51.165 

4 

19 

25 

38     51 

08.860 

6R 

lit 

5&461 

4 

19 

25 

38     51 

81. 4M 

CR 

HI 

5a  682 

6 

19 

25 

38     51 

47.845 

6R 

HI 

67.426 

4 

19 

25 

38     50 

55.470 

4 

21 

27 

41      55* 

69.263 

7r 

101 

67.280 

4b 

20 

27* 

411 

71.328 

4 

19 

25 

38     50 

74.768 

2 

20 

27 

41      54* 

81.776 

3 

19 

25 

38     SO 

7&862 

2 

20 

27 

41      54 

8a  178 

3 

19 

25 

38     50 

85.995 

5b 

20 

27* 

411 

95.989 

1. 

19 

25 

38     SO 

97.436 

2b 

20 

27* 

411 

9a  099 

5 

19 

25 

38     SO 

3711.227 

2 

20 

27 

40     54 

4005.250 

7b 

10* 

19* 

251 

11.408 

1 

20 

27 

40     54 

07.233 

1 

19 

25 

37      50 

19.938 

8R 

lit 

17.154 

3 

19 

25 

37     50 

22.565 

6R 

HI 

24.745 

2 

19 

25* 

371 

26.922 

3b 

20 

27 

401 

3t636 

1 

19 

25 

37     49 

27.«95 

2 

20 

27 

401 

45.822 

8R 

101 

30.390 

3 

20 

27 

40      53* 

63.604 

8R 

101 

34.  8G9 

9R 

111 

67.279 

3 

18 

25 

37     491 

37.135 

7R 

lit 

7a  641 

5 

18 

24* 

371 

3742.623 

lb 

20 

27 

40*       531 

78.362 

3 

18 

24 

37      49 

46.927 

2b 

20 

27* 

401 

79.847 

2 

18 

24 

37      49 

48.264 

6R 

lit 

84.508 

4 

18 

24 

37      491 

49.487 

8R 

ill 

9a  189 

3 

18 

24 

371 

58.234 

7R 

HI 

4109.810 

4 

18 

24 

37      49 

61792 

6R 

111 

14.454 

4 

24 

37      49 

67.194 

6R 

HI 

21.809 

2 

24 

36      49 

76.456 

2 

20 

26 

40     53 

32.064 

7 

24* 

361 

87.880 

6R 

HI 

37.002 

3 

24 

36      48 

90.094 

4 

20 

26 

40     531 

43.674 

7 

24* 

361 
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Wifolagtbi 

I 

Oidtr 

Wawtangt  ■ 

I 

Older 

54.504 

4 

24      36 

48 

45.804 

3b 

21 

32      42* 

72.748 

2 

24'    36 

48 

4861.722 

2 

20 

31      41 

77.598 

2 

24      36 

48 

85.443 

2 

20 

31      41 

81894 

4 

14      36 

48 

87.052 

6 

24     36* 

481 

91.510 

9 

20 

31      41 

49ia032 

2 

20 

31      41* 

87.812 

6 

24     36* 

481 

2a  521 

10 

20 

30*    411 

91.446 

6 

24      36 

481 

57. 311 

7 

20 

30*    401 

98.314 

6 

24      36* 

481 

57.612 

10 

20 

30*    401 

99.096 

6 

24      36 

48* 

4202.032 

7r 

241 

82.524 

4b 

20 

30*    401 

85.267 

3 

20 

30      40 

ia362 

6 

24     36* 

471 

85.562 

3 

20 

30     40 

19L364 

5 

24     35 

47 

5001729 

4 

20 

30      40 

34.172 

3b 

24     35* 

47! 

06.134 

5 

20 

30      40 

25.464 

4b 

24     Z$* 

471 

r.445 

7 

24*    35» 

471 

74.750 

2b 

9 

301 

79.228 

3 

20 

29      39 

33.614 

6 

24     35* 

471 

79.742 

3 

20 

29     39 

47.440 

5b 

24     Z$* 

471 

5107.454 

3 

20 

29     39     59 

50l134 

7 

24     35* 

471 

07.645 

4 

20 

29     39     59 

5a  791 

8 

24     39* 

471 

60.489 

10 

23*    35t 

39.269 

6 

19 

29      39      58 

39.481 

8 

19 

29      39      58 

71.171 

7 

23     35* 

471 

.  42.93* 

3 

19 

29      39      58 

71.764 

8r 

23*    351 

94.950 

5 

19 

29      39      58 

94.132 

6 

23      35* 

471 

5215. 195 

4 

19 

29      38     57* 

99.254 

7 

23     35* 

471 

4307.010 

8r 

23*    351 

17.405 

4 

19 

29      36      571 

. 

26.876 

5 

19 

29      38      571 

25*770 

9r 

23*    351 

27.187 

8 

19 

29     38      571 

67.910 

1 

23     34 

46 

29.84 

2 

19 

29      38*    571 

83.548 

lOR 

231 

7a  178 

3 

19 

28     38*    571 

88.422 

2b 

23*    Ml 

4404w752 

8r 

23*    341 

7a  379 

2 

19 

28     38     57 

532a  044 

7 

19 

28*    38t 

07.716 

2 

23      34 

45 

39.949 

3 

19 

28     37*    561 

15.127 

8r 

23*    341 

64.859 

3h 

19* 

281 

69.390 

4b 

22*    341 

71.496 

7 

19 

2S*    371 

82.176 

3 

22      33 

45 

82.262 

4 

22      33 

45 

S40a504 

2b 

18 

28*    371 

41040 

2h 

18 

28*    371 

89.744 

3 

22      33 

45 

62.964 

2b 

18* 

281 

449a  088 

2 

22      33      44 

63.27 

4b 

18* 

28t 

4525.154 

3b 

22      33      44 

76.296 

2 

18 

27     36     551 

56. 128 

3 

22      33      44* 

98.138 

2b 

22      33      44* 

5602.965 

8 

18 

27      36* 

5712. 150 

2 

17 

26      35* 

461L290 

4b 

22      33      43* 

14.155 

1 

17 

26      35 

3a  020 

4 

22      32      43* 

5809.249 

2 

17 

26      34   . 

54.502 

4 

21      32      43 

595^749 

4 

17 

25      34* 

54.637 

3b 

21      32      43 

73.171 

3 

21      32      43* 

602a 177 
89.567 

21 

1 

16 

25*    33t 
25     33 

83.566 

2 

21      32     43 

6103. 196 

2h 

16 

25      331 

4727.410 

2d 

21      32      42* 

6569.233 

5b 

15 

23*    301 

XI.  CORRELATION  OF  SHARPNESS  WITH  OTHER 

PROPERTIES 

1.  INTRODUCTION 

Five  hundred  and  thirty  of  the  lines  contained  in  Tables  i  and 
4  were  examined  at  various  orders  of  interference  and  were  either 
found  to  be  sharp  enough  to  stand  a  high  order  of  interference, 
or  their  limiting  orders  were  determined.  Forty-nine  additional 
lines,  all  of  which  are  easily  reversed,  were  fotmd  to  show  no  inter- 

50239*'— 16 7 
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ference,  even  at  an  order  of  about  lo  coo.  These  lines  and  about 
50  others  for  which  the  data  were  incomplete  do  not  enter  into 
the  discussion  which  follows.  The  lines  examined  were  arbi- 
trarily divided  into  four  groups.  In  the  first  group  interference 
ceased  to  be  visible  when  the  path  difference  was  from  20  000  to 
30  000  waves;  in  the  second  group,  30  000  to  40  000;  in  the  third 
group,  40000  to  60000;  and  the  fourth  group  contains  the  lines 
still  showing  interference  with  the  largest  path  differences 
observed.  The  last  group  is  not  entirely  homogeneous.  All  the 
Imes  in  this  group  show  interference  with  an  order  of  more  than 
40000  waves.  Some  of  them  would  probably  have  been  found 
to  be  limited  by  60  000  if  they  had  been  examined  that  far,  but 
most  of  them  would  possess  a  limiting  order  in  excess  of  60  000 
waves  because  they  still  show  perfect  interference  between  40  000 
and  60  000.  The  groups  are  distinct  enough  to  justify  some  gen- 
eral conclusions  when  correlated  with  other  data.  The  material 
contained  in  Tables  i  and  4  is  incomplete,  but  so  far  as  it  goes 
it  points  to  the  conclusion  that  the  limiting  order  of  the  average 
iron  line  is  independent  of  the  wave  length.  Ftmdamentally,  we 
have  to  do  with  vibration  frequency,  and  the  above  shows  that 
the  variation  from  the  mean  is  the  same  proportion  of  the  fre- 
quency for  lines  in  all  parts  of  the  spectrum.  Or  putting  it  another 
way,  the  width  of  the  average  line,  expressed  as  a  proportion  of 
the  wave  length,  is  constant  throughout  the  spectrum;  expressed 
in  angstroms,  the  width  is  a  direct  function  of  the  wave  length. 

TABLE  5 
Peroenttge  of  Lines  in  Each  Gfoup 


OWBp , 

I 

n 

m 

IV 

aooootoaoooo 

aooooto40ooo 

40000to60  000 

Above  the  laifMt  ob- 
■ervwl 

HunlMf  ot  llnM.... 
Pw  CMl  oC  toM 

llDM 

39 
7 

48 
9 

102 
19 

341 
65 

2.  POLE  EFFECT 


A  correlation  of  these  data  with  those  of  St.  John  and  Bab- 
cock**  on  "Pole  eflFect"  is  represented  in  Table  6.  Pole  effect 
indicates  a  change  in  wave  length  when  the  light  is  taken  from 
the  negative  pole  instead  of  the  center  of  the  arc.     Positive 


*  See  note  zo.  p.  a6i. 
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shifts  indicate  increased  wave  lengths  from  the  negative  pole  as 
compared  with  the  center  and  negative  shifts  are  displacements 
toward  shorter  wave  lengths. 

TABLE  6 
SliarpDeu  and  Pole  Effect 


OfMip.  ................... 

VnnilMf  ot  posiUvs  lUfli. 
pK  oent  of  yutUbn  ihifti. 
HnmlMr  ot  n&gMm  lUfte 
Per  otnt  «t  n&gMm  diills 
PwiClva  lUfte  <U>10A.. . . 
PNiClv«  ihifli  .01&-UUSA. , 
PwiClva  idiltti  jOIS-UBOA.. 
PNiClv«  ihllti  >.Q204.... 
HcfirtiM  diUli  <a>10A. . . 

HttBtive  ihllts  4)15-.020A 
HcfirtiM  ihiflt  >4)20A... 


, 


m 


IV 


Totak 


1 
50 


25 

22 
6 

25 
6 

13 
2 
4 
3 
1 
0 
2 


41 

39 

6 

25 

3 

6 

12 

20 

4 

2 

0 

0 


35 
33 

0 
0 
1 

14 
13 
7 
0 
0 
0 
0 


107 

100 

24 

100 

14 

34 

28 

31 

8 

7 

4 

5 


About  19  per  cent  of  the  lines  examined  have  positive  shifts 
and  a  little  over  4  per  cent  have  negative  shifts.  It  is  interesting 
to  observe  that  the  majority  of  positive  shifts  occur  with  lines 
which  are  known  to  be  sharp  in  the  center  of  the  arc  because 
they  show  interference  of  rather  a  high  order,  while  the  negative 
shifts  occur  principally  with  poorer  lines.  Negative  shifts  are 
entirely  absent  from  group  IV  and  only  a  few  small  ones  (less 
than  0.015A)  are  found  in  group  III.  Positive  shifts  are  mostly 
larger  than  o.oi  5A  and  occur  most  frequently  in  groups  III  and  IV. 

Pole  shifts  of  positive  sign  were  obtained  by  St.  John  and  Bab- 
cock  from  classes  **C5  "  and  **d"  of  the  Gale  and  Adams  '*  classi- 
fication of  lines.  Large  pressure  displacements  are  indicated  by 
"c"  and  **d,"  and  "5"  means  unsymmetrical  widening  toward 
the  red.  Negative  shifts  aflfect  lines  which  St.  John  and  Ware  ^ 
have  placed  in  a  separate  class,  "e,"  because  they  are  widened 
imsymmetrically  toward  the  violet  by  pressure,  and  greatly 
displaced  in  this  direction. 

No  satisfactory  explanation  of  this  pole  effect  can  be  given  at 
the  present  time.  Fortimately  it  may  be  excluded  by  using  only 
the  center  of  the  arc,  as  recommended  by  the  international  com- 
mittee. 


^  Gale  and  AdaniB.  Astroph.  J.,  86,  p.  xo;  29x0. 


*>  See  note  15,  p.  96a. 
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3.  niTENSITT 

An  attempt  was  made  to  comiect  limiting  order  and  pole 
effect  with  intensity.    The  data  are  arranged  in  Table  7. 

TABLET 
ShftrpieUy  latenBitj,  and  WU  Effect 


JfttflilMr  of 
HnmbOT  of  UiMi,  Grviiv  I. . 
Hnmbor  of  Unoo,  Oftnp  n. 
Hnmbor  of  Uiioo,  Oionp  m 
Hitmbor  of  UnM,  Oionp  IV 
Far  cent  of  llnoo,  Oioup  IV 

Hnmbor  of  polo  thllti 

For  eoaf  of  Uaoo  aHoclod . . 
Hnmbor  of  pooitlTO  ihiflo .. . 
Hnmbor  of  nofotivo  ihiflo . 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

10 

103 

94 

130 

92 

60 

21 

16 

1 

0 

11 

6 

6 

6 

2 

5 

2 

0 

1 

11 

8 

6 

2 

8 

9 

1 

1 

0 

13 

15 

24 

18 

21 

2 

9 

0 

9 

68 

65 

94 

66 

39 

5 

4 

0 

90 

66 

69 

72 

71 

48 

24 

25 

0 

0 

23 

22 

28 

23 

13 

7 

6 

1 

0 

22 

23 

.  22 

25 

22 

33 

38 

100 

100 

0 

15 

14 

24 

21 

12 

7 

5 

1 

0 

8 

8 

4 

2 

1 

0 

1 

0 

Broadly  speaking,  it  is  seen  that  limiting  order  is  an  inverse 
fmiction  of  intensity,  and  that  the  frequjency  of  positive  shifts 
tends  to  increase  with  large  intensities.  About  68  per  cent  of 
the  lines  included  by  intensities  i  to  6  still  show  interference 
of  an  order  greater  than  40  000,  against  only  22  per  cent  of  the 
lines  of  greater  intensity.  On  the  other  hand,  only  24  per  cent 
of  the  lines  of  intensity  i  to  6,  inclusive,  have  pole  shifts  against 
41  per  cent  of  the  more  intense  lines.  Lines  of  small  intensity 
are  more  frequently  affected  by  negative  pole  shifts,  taking  into 
account  only  lines  in  this  list. 

St.  John  and  Babcock  examined  1570  iron  lines  between  2979 
and  6678  and  found  23  per  cent  of  the  lines  affected  by  pole 
effect.  Among  our  530  lines  there  are  131  affected  lines,  or 
about  24  per  cent,  so  that  the  lines  chosen  or  suggested  as  stand- 
ards appear  to  be  representative  as  far  as  pole  effect  is  concerned. 
Inasmuch  as  practically  all  the  lines  in  our  lists  were  examined 
for  pole  effect,  the  conclusions  drawn  from  these  tables  will 
probably  be  valid  generalizations. 

4.  BEHAVIOR  UNDER  PRESSURE 

The  data  on  limiting  order  were  also  correlated  as  far  as  possi- 
ble with  the  Gale  and  Adams  classification  of  lines,  and  the  results 
are  found  in  Table  8. 


2«riM^Afw«r*.j         Wave  Lengths  in  the  Iron  Spectrum 

TABLE  8 
SharpsMBs  and  Pressure  Effect 
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Orsap 

I 

n 

m 

• 

IV 

Total 

CliMla 

3 

1 

4 

CliMta ,. 

8 
3 

1 

a 

C]aM4« 

9 
1 

12 

ciftM  lb 

3 

5 

Ctan  ?h 

2 

2 

Clam  9b 

9 

27 

9 

CliM  4b 

4 

27 

ClaeirZc ,   .. 

1 

1 

Clan  4c , 

1 

4 

4 

6 

7 
7 
3 

8 

ClftM  5c 

11 

ClftM  5d 

14 
6 

21 

Ctan  t 

12 

24 

Gale  and  Adams  "  divide  spectrum  lines  into  five  broad  classes, 
according  to  their  behavior  mider  pressm"e,  as  follows : 

1 .  Lines  which  are  symmetrically  reversed. 

2.  Lines  which  are  misymmetrically  reversed. 

3.  Lines  which  mnain  bright  and  fairly  narrow  under  pressure. 

4.  Lines  which  remain  bright  and  symmetrical  but  become 
wide  and  diffuse  under  pressure. 

5.  Lines  which  remain  bright  and  are  widened  very  uaisym- 
metrically,  toward  the  red. 

Measures  of  the  displacements  of  iron  lines  under  pressure  led 
Gale  and  Adams  to  form  four  groups  of  lines  represented  by 
letters  a,  b,  c,  and  d.  Group  a  includes  all  flame  lines  and  these 
show  only  small  displacements.  Group  b  is  a  large  one  and 
includes  all  lines  of  small  displacements  which  are  not  included 
in  group  a.  Group  c  consists  of  lines  showing  much  larger  dis- 
placements than  those  of  group  b.  Group  d  is  made  up  of  several 
scattered  groups,  all  of  which  show  inmiense  displacements.  If 
all  displacement  values  are  reduced  to  that  of  group  a  as  the 
unit,  the  following  relation  exists:  la,  1.5b,  3.4c,  and  6.6d. 

The  table  shows  that  lines  in  classes  3a,  3b,  4b,  and  4c  are 
capable  of  producing  interference  of  the  highest  order  observed, 
and  these  lines  recommend  themselves  for  use  as  standards. 
The  majority  of  4a  and  sd  lines  examined  reach  their  limiting 
order  of  interference  between  40  000  and  60  000  waves. 

**  Sec  note  ai,  p.  969. 
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Xn.  SUMMARY 

Between  the  limits  3233A  and  6750A,  some  400  iron  lines  were 
either  remeasured  or  measm-ed  for  the  first  time  by  the  inter- 
ference method.  The  work  was  done  in  conformity  with  the 
recommendation  of  the  international  wave  length  committee. 
Where  it  was  found  possible,  faint  lines  as  well  as  strong  ones  were 
measured.  Satisfactory  standards  were  found  at  intervals  of 
10  or  15  angstroms  throughout  the  greater  part  of  the  spectrum; 
there  are  no  sharp  iron  lines  of  even  moderate  intensity  in  the 
region  5  7 75 A  to  5934A,  and  the  number  is  insuflScient  in  the 
extreme  red. 

The  spectroscope  usAi  was  a  635  cm  concave  grating,  motmted 
in  parallel  light.  The  greater  part  of  the  wave  lengths  were 
measured  by  means  of  three  interferometers,  the  order  of  inter- 
ference ranging  from  20000  to  50000  in  the  case  of  each  line. 
The  method  was  that  of  Buisson  and  Fabry. 

The  mean  difference  between  the  present  observations  and  the 
I.  A.  standards  is  about  one  part  in  four  million.  It  is  thought 
that  some  of  the  standards  are  in  error  by  0.002A  or  more. 

Interferometer  observations  tmder  the  conditions  described  were 
found  to  be  reasonably  free  from  the  effects  of  pole  shifts. 

Comparison  with  all  the  grating  observations  which  have  been 
made  on  the  I.  A.  system  shows,  as  has  been  found  before,  that 
more  numerous  secondary  standards  are  needed  in  order  to  obtain 
the  highest  accuracy  in  grating  work. 

While  grating  observations  often  show  an  intensity  equation, 
interference  measurements  appear  to  be  reasonably  free  from 
this  effect. 

The  sharpness  of  over  600  lines  was  determined  and  the  data 
were  correlated  with  data  relating  to  pole  shifts,  to  behavior 
under  pressure,  and  to  intensity.  Lines  showing  a  negative  pole 
shift  are  never  very  sharp,  while  those  having  a  positive  pole 
shift  are  sometimes  perfectly  sharp  in  the  center  of  the  arc;  the 
lines  subject  to  a  shift  are  more  likely  than  are  the  unaffected 
lines  to  be  broad,  even  in  the  center  of  the  arc.  Lines  which  are 
faint  or  of  only  moderate  intensity  are  sharper  on  the  average  than 
strong  lines.     Still,  some  very  strong  lines  are  quite  sharp. 

The  widtli  of  the  average  line,  expressed  as  a  proportion  of 
the  wave  number,  is  not  a  function  of  the  wave  length. 

Washington.  December  21,  191 5. 


RELATION  BETWEEN  COMPOSITION  AND  DENSITY  OF 
AQUEOUS  SOLUTIONS  OF  CX>PPER  SULPHATE  AND 
SULPHURIC  ACID        

By  R  D.  Holler*  AMUtant  Chemk,  and  E  L.  Petfer,  Laboiatory  ABostant 


L  INTRODnCTION 

In  connection  with  an  investigation  on  the  regulation  of  solu- 
tions for  electrodeposition,  especially  of  acid  copper  sulphate 
solutions  for  electiot3rping,  it  was  found  desirable  to  devise  a 
simple  method  of  determining  and  adjusting  their  composition. 
Since  the  solutions  usually  employed  for  the  above  purpose  con- 
tain only  copper  sulphate  and  sulphuric  acid,  the  composition  of 
any  given  solution  is  fixed  if  the  acid  content  and  d^sity  at  a  given 
temperature  are  known.  The  density  can  be  readily  determined 
with  a  hydrometer,  and  the  acidity  can  be  ascertained  with 
sufficient  accmacy  by  titration  with  standard  alkali,  using  methyl 
orange  as  indicator,  as  described  by  Wogrinz.^  In  order,  there- 
fore, to  learn  the  content  of  copper  sulphate,  all  that  is  required 
is  a  table  showing  the  density  of  solutions  containing  known 
amounts  of  copper  sulphate  and  of  sulphuric  acid. 

Although  the  densities  of  solutions  of  copper  sulphate  and  of 
sulphuric  acid  have  been  determined  separately,  no  systematic 
study  of  the  densities  of  solutions  containing  both  could  be  found 
in  the  literature.  Only  in  isolated  cases  were  such  data  given 
concerning  certain  baths,  such  as  those  recommended  by  Pfan- 
hauser,'  Langbein-Brannt,*  Steinach  and  Buchner,*  and  others. 

The  concentration  of  solutions  containing  both  copper  sulphate 
and  sulphmic  acid  is  limited  by  the  fact  that  addition  of  sulphtuic 

1  Chcsn.  Ztg.,  87t  p.  869;  19x3.  *  Electrodeposition  of  Metals,  7th  ecL,  p.  574-575,  590;  19x3. 

*  Die  Gahmnoplastik,  p.  37-38;  1904.       *  Die  Galvaniacfae  MctallnicdcndilBge,  p.  x6o-x6x;  X9xx. 
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acid  to  copper  sulphate  solution  causes  a  marked  decrease  in  the 
solubility  of  the  copper  sulphate.  Thus,  while  395  grams  of 
crystallized  copper  sulphate  is  contained  in  i  liter  of  the  saturated 
solution  at  15®  C,  the  addition  of  100  grams  per  liter  of  sulphuric 
acid  reduces  the  solubility  of  the  copper  sulphate  to  2 1 5  grams  per 
liter.  Since  in  any  practical  work  it  is  necessary  to  use  solutions 
somewhat  removed  from  the  sattu'ation  point,  the  actual  field  is 
probably  included  in  the  range  of  o  to  20  per  cent  of  each  of  the 
constituents.  Such  solutions,  therefore,  formed  the  basis  of 
this  investigation.  The  temperature  range  of  25**  to  40®  C  was 
selected  as  including  the  normal  temperature  employed  in  most 
copper  plating  or  refining  operations.  Doubtless  the  expansion 
coefl&cients  determined  from  such  data  will  permit  extrapolation 
over  a  moderate  range  above  and  below  the  temperatures  used. 

n.   METHOD  OF  INVESTIGATION 
1.  PREPARATION  OF  SOLUTIONS 

In  order  to  avoid  the  influence  of  temperature  in  the  preparation 
of  the  solutions,  they  were  all  made  of  a  known  composition  by 
weight,  expressed  in  grams  of  each  constituent  per  kilogram  of 
solution.  They  were  prepared  in  duplicate  by  mixing  accin^ately 
weighed  portions  of  water  and  of  standardized  concentrated 
solutions  of  copper  sidphate  and  of  sulphuric  acid. 

The  stock  sulphmic  acid  solution  was  prepared  by  diluting 
c.  p.  acid  to  about  1 2  normal  with  distilled  water,  and  was  stand- 
ardized by  the  barium  sulphate  method  with  the  usual  precautions. 
It  was  also  compared  with  a  hydrochloric  acid  solution,  stand- 
ardized by  silver  chloride  precipitation,  through  a  solution  of 
sodium  hydroxide,  using  methyl  orange  as  indicator. 

The  concentration  of  the  sulphuric  acid  solution  as  determined 
by  the  barium  sulphate  method  agreed  with  that  obtained  by 
comparison  with  the  standard  hydrochloric  acid  solution  to 
within  about  i  part  in  1500.  Weight  burettes  were  used,  the 
individual  titrations  agreeing  to  within  less  than  i  part  in  2000. 

The  solution  of  copper  sulphate  was  prepared  from  recrystal- 
lized  salt,  which  gave  a  perfectly  clear  solution.  The  concen- 
tration of  copper  sulphate  (CuS04«5H20)  was  calculated  from  the 
copper  content  determined  electrolytically,  the  greatest  differ- 
ence between  any  two  results  being  i  part  in  3000.  Complete 
removal  of  copper  from  the  electroljrte  was  confirmed  by  testing 
with  K,Fe  (CN),. 


?^]  Density  of  CuSO^.sHfi-H^O,  275 

2.  DENSITY  DETERMni ATION 

Method  of  Determinaiion. — The  density  measurements  were  made 
by  the  method  of  hydrostatic  weighing,  i.  e.,  by  weighing  in  the 
sample  tmder  investigation  a  sinker  of  known  mass  and  volume. 
The  density*  of  the  liquid  is  then  calculated  by  means  of  the 
equation : 

D. — : — ^     A  ^«-4; 


W" 


V, 


in  which 


Dt  =  Density  at  temp,  t 
W  «  Mass  of  sinker  in  vacuo 
w — Weighings  with  sinker  off 
Wj  and  Wa  —  Weighings  with  sinker  on 
p  =»  Air  density 
8.4= Assumed  density  of  brass  weights  • 
Vt  =  Volume  of  sinker  at  temp,  t 

Apparatus  Used,— The  apparatus  used  is  described  in  detail  in 
Bureau  publications  (Technologic  Paper  No.  9  (191 2)  and  Btu-eau 
of  Standards  Bulletin,  Vol.  9,  pp.  371-378  (1913)).  A  short 
description  of  the  apparatus  is  given,  as  follows: 

The  densimeter  tube  (about  45  cm  long  and  2.5  cm  in  diameter) 
containing  the  sample  is  placed  in  a  water  bath  which  is  kept  in 
constant  circulation.  This  bath  is  siurounded  by  another,  also  in 
circulation,  the  temperature  of  which  is  regulated  by  means  of  an 
electric  heating  coil  and  a  brine  cooling  coil.  The  temperature 
of  the  iimer  bath  is  determined  by  the  use  of  two  mercury  ther- 
mometers. The  large  sinker  having  a  length  of  approximately 
33  cm  and  diameter  of  i  .3  cm  is  attached  below  a  small  sinker  and 
both  are  suspended  by  means  of  a  wire  from  one  arm  of  a  sensitive 
balance.  The  small  sinker  which  is  in  the  liquid  at  all  times 
serves  the  purpose  of  keeping  the  suspension  wire  taut  and  in 
position,  and  thus  the  effect  of  surface  tension  is  eliminated. 

Method  of  Making  Observations, — ^After  sufficient  time  has 
elapsed  for  attaining  temperature  equilibritmi  at  the  desired 
temperature,  the  first  weighing  is  made  with  the  large  sinker 
attached,  and  the  temperature  is  immediately  read  from  each  of 
the  thermometers.  Then  the  second  weighing  is  made  with  the 
large  sinker  detached  from  the  small  sinker.     In  order  to  obviate 

*  Throughout  this  paper  the  tenn  "density"  is  used  to  denote  mass  per  unit  volume  and  is  here  ex- 
pressed in  srams  per  milliliter.  The  densities  are  therefore  numerically  the  same  as  specific  gravities  in 
terms  of  water  at  4*  C  as  unity. 
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any  correction  for  a  possible  change  in  temperature,  the  first  weigh- 
ing is  repeated  and  the  thermometers  reread.  The  average  of  the 
temperatures  at  the  two  weighings  is  taken  as  the  true  tempera- 
ture. The  difference  between  the  mean  of  these  two  weighings 
and  the  second  weighing  is  the  apparent  weight  of  the  large  smker 
in  the  sample  at  the  given  temperature.  After  completing  the 
observations  at  one  point,  the  temperature  is  changed  to  the  next 
and  the  process  is  repeated  in  the  same  order. 

ra,  RESULTS  OF  INVESTIGATION 

The  results  of  the  density  determinations  and  composition  of  the 
samples  are  shown  in  Table  i . 

TABLE  1 
Density  of  Copper  Sulphate — Sulphuric  Acid  Solutloiui 


C0S04 

.5HsO. 
8/kf 

CiiS04, 
»      8/kf 

HtS04. 
8/kf 

"Sf?-* 

MMn 

Density. 
40*0 

W 

a» 

50 
50 

SO 

50 

50 

50 

50 
50 

50 
50 

100 
100 

100 
100 

100 
100 

100 
100 

100 
100 

ISO 
150 

150 
150 

150 
150 

150 
150 

150 

31.97 
3L97 

31.97 
3L97 

31.97 
31.97 

31.97 
31.97 

31.97 
31.97 

6194 
63L94 

6194 
63L94 

6194 
63L94 

63L94 
63L94 

63L94 
63L94 

9191 
95.91 

95.91 
95.91 

9191 
9191 

9191 
9191 

9191 
9191 

127.9 
127.9 

127.9 
127.9 

127.9 
127.9 

127.9 
127.9 

0 
0 

SO 
50 

100 
100 

150 
150 

200 
200 

0 
0 

SO 
50 

100 
100 

150 
150 

200 
200 

0 
0 

SO 
SO 

100 
100 

150 
150 

200 
200 

0 
0 

50 
SO  ' 

100 
100 

150 
150 

1.03014 
1.03017 

1.06297 
1.06309 

1.09843 
1.09043 

1.13552 
1.13»i6 

1. 17421 
1. 17«»12 

1.06454 
1.06^56 

1.09835 
1.09p33 

1.13497 
1.13499 

1.17367 
1.17366 

1.21399 
1.21395 

1.10062 
1.10064 

1. 13555 
1.13553 

1.17366 
1.17361 

1. 21392 
1.21394 

1.03016 
1.06303 
1.09043 
1.13549 
1. 17416 

1.06455 
1.09834 
1.13496 
1.173S6 
1.21397 

1.10063 
1.13554 
1.17364 
1. 21393 

1.02489 
LOMa 

1.05637 
L0S639 

1.09060 
L09060 

1.P669 
1.128o7 

1.16453 
1.16452 

1.05871 
L 05874 

1.09097 
1.09u97 

1.12642 
l.li636 

L  16417 
1.16^20 

1.20379 
1.20371 

1.09428 
1.09431 

1.12765 
1.12764 

1. 16457 
1.16453 

1.20391 
1.20396 

1.24528 
1.24518 

1.13152 
1. 13154 

1.02488 
1.05638 
1.09060 
1.12668 
1.I64S2 

1.05872 
1.09097 
1.12649 
1. 16418 
1.20375 

1.09430 
1.12764 
1.16455 
1.20394 
1.24523 

1. 13153 
1.16638 
1.20476 
1.24575 

-a  00035 

-  .00044 

-  .00052 

-  .00059 

-  .00064 

-  .00039 

-  .00049 

-  .00057 

-  .00063 

-  .00068 

-  .00042 

-  .00053 

-  .00061 

-  .00067 

150 

200 
200 

200 

(0 

1.13833 
1.13835 

1.17485 

1.21449 
L  21447 

1.13834 
1.17485 
1.21448 

-  .00045 

200 

200 
200 

200 

1.16638 

1.20476 
1.20475 

1.24579 
1.24571 

—  .00056 

-  .00065 

200 

(0 

o  All  densities  here  tabulated  are  escpressed  in  grams  per  mitltliter. 
b  Change  tn  density  per  degree  rise  in  temperature, 
c  Solutions  of  these  compositions  do  not  exist  at  25*  C. 
d  Sample  lost  by  breakage  of  the  container. 


HoUerl 
Pefferj 


Density  of  CuSO^.sH^O-H^O^ 


277 


In  Table  i  the  composition  of  the  solutions  is  expressed  in  grams 
of  CuSO^.sHjO  per  kilogram  of  solution.  The  concentration  in 
grams  per  liter  may  be  readily  obtained  by  multiplying  the  above 
concentrations  in  grams  per  kilogram  by  the  corresponding  densi- 
ties. In  each  case  density  determinations  were  made  upon  dupli- 
cate solutions,  and  these  results  are  seen  to  agree  in  most  cases  to 
somewhat  better  than  i  in  the  fourth  decimal  place.  From  the 
density  data  for  25®  and  40®  C,  respectively,  the  thermal  density 
coefficient  a  has  been  calculated,  which  may  be  defined  as  the 
change  in  density  (always  negative)  for  an  increase  in  temperatin^e 
of  i^C. 

The  above  results  are  shown  graphically  in  Fig.  i ,  which  illus- 
trates the  effect  upon  the  density  of  additions  of  copper  sulphate 
to  sulphuric  acid  solutions  and  of  sulphtiric  acid  to  copper  sulphate 
solutions.  The  ciuves  for  sulphtiric  acid  solutions  ere  derived 
from  the  data  of  Domke  as  given  in  Landolt  and  Bomstein, 
fourth  edition  (191 2).  The  close  agreement  between  the  densities 
of  solutions  of  the  same  total  concentration,  shown  in  Table  2,  is 

TABLE  2 
Showing  the  Relation  Between  Total  Concentration  and  Density 


Total  eon- 

COOulKaOA* 

f/ki 

CitSOr 

5H^, 

f/ki 

H«80«. 
f/ki 

25*C 

50 

0 

SO 

1.0300 

50 

0 

1.0302 

100 

0 

100 

1.0640 

50 

50 

1.0630 

100 

0 

1.0646 

150 

0 

150 

1.0994 

50 

100 

L09e4 

100 

50 

1.0983 

150 

0 

L1006 

200 

0 

200 

L1365 

50 

150 

L1355 

100 

100 

1.1350 

150 

50 

1.1355 

200 

0 

1.1383 

250 

0 

250 

L1751 

SO 

200 

1. 1742 

100 

ISO 

1.1737 

ISO 

100 

1.1730 

200 

50 

L1749 

300 

0 

300 

1.2150 

100 

200 

1. 2140 . 

150 

150 

1.2139 

200 

100 

1.2145 

illustrated  in  Fig.  i .  The  curves  passing  through  the  circles  show 
the  change  in  density  produced  by  the  addition  of  copper  sulphate 
to  solutions  containing  a  definite  amount  of  sulphuric  acid  per  kilo- 
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Fig.  1. — Density  of  copper  sulphaie-sulphuric  acid  solutions, 

O — Sulphuric  acid  constant 
X^-Copper  sulphate  constant 
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gram  of  solution.  Those  through  the  crosses  show  the  change  in 
density  produced  by  the  addition  of  sulphuric  acid  to  solutions 
containing  a  definite  amount  of  copper  sulphate  per  kilogram  of 
solution,  the  total  concentration  in  each  case  being  the  same  as  for 
the  corresponding  curve  through  the  circles. 

Example. — In  the  case  of  the  curves  marked  50  g/kg,  the  one 
passing  through  the  circles  shows  the  change  in  density  produced 
by  the  addition  of  definite  amounts  (50,  100,  150,  200  grams)  of 
copper  sidphate  to  a  solution  containing  50  grams  of  sulphtuic 
acid  per  kilogram  of  solution,  and  the  one  passing  through  the 
crosses  shows  the  change  in  density  produced  by  the  addition  of 
the  same  definite  amotmts  of  sulphuric  acid  to  a  solution  contain- 
^Z  5^  grams  of  copper  sulphate  per  kilogram  of  solution. 

From  the  above  tables  and  curves  it  mav  be  seen  that — 

1.  Within  the  range  studied,  the  density  of  copper  sulphate- 
sulphtuic  acid  solutions  is  approximately  a  linear  function  of  the 
concentration. 

2.  The  density  ot  solutions  of  equal  (not  equivalent)  concentra- 
tions of  copper  sulphate  (CuSO^.sHjO)  and  of  sulphuric  acid  is 
nearly  identical. 

3.  As  a  nattu-al  consequence  of  the  conclusions  noted  in  (i)  and 
(2),  a  cluious  relation  was  found  to  exist,  i.  e.,  that  the  density  of 
solutions  containing  appreciable  amotmts  of  each  constituent  is 
dependent  principally  upon  the  total  concentration  of  the  two 
solutes,  and  is  almost  independent  of  their  proportion.  (See 
Table  2.)  Thus,  a  solution  containing  50  grams  per  kilogram  of 
copper  sulphate  and  1 50  of  stilphuric  acid  has  practically  the  same 
density  (1.1355)  ^  ^^  ^  solution  containing  100  grams  per 
kilogram  of  copper  sulphate  and  100  of  sulphuric  acid  (1.1350). 
This  simple  relation,  which  is  apparently  only  a  mathematical 
coincidence,  has  been  used  as  the  basis  for  the  curve  shown  in 
Fig.  2  in  which  the  total  concentration,  in  gramj  per  liter,*  of  copper 
sulphate  plus  sulphuric  acid  is  plotted  against  the  density,  yielding 
an  almost  straight  line.  The  application  of  such  a  curve,  or  of 
the  table  derived  from  it  (Table  3) ,  in  determining  the  composition 
of  unknown  solutions,  is  obvious,  involving  only  a  determination 
of  the  density  and  acidity,  the  latter  then  being  deducted  from  the 
total  concentration  corresponding  to  the  observed  density,  to 
obtain  the  copper  sulphate  concentration. 

•  Obviously,  the  above  relation  exists  whether  the  concentration  is  expressed  in  SToms  per  kilocrom  or 
grams  per  liter.  The  data  shown  in  Fig.  a  and  Table  3  have  been  calmlatfd  to  crams  per  liter  since  the 
resulta  of  the  analysis  of  solutions  are  usually  expressed  in  that  form. 
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Density  of  CuSO^.sH^O-H^O^ 

TABLE  3 
Total  Concontratioa  of  Solutioos  of  Given  Densitj 
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25* 

C 

40* 

C 

Ca804.5HfO 

Ca804.5HiO 

Doittty 

•fHiSO^, 
l/l 

DMMlty 

1/1 

1.01 

20 

1.01 

26 

1.02 

36 

1.02 

43 

1.03 

52 

L03 

60 

1.04 

68 

1.04 

76 

1.05 

84 

1.05 

93 

L06 

100 

1.06 

110 

1.07 

117 

1.07 

127 

1.06 

183 

1.08 

144 

1.09 

150 

1.09 

161 

LIO 

166 

1.10 

178 

1.11 

183 

1.11 

195 

1.12 

200 

1.12 

212 

1.13 

217 

1.13 

229 

L14 

234 

L14 

247 

1.1s 

251 

1.15 

265 

1.16 

268 

1.16 

282 

1.17 

286 

1.17 

300 

1.18 

303 

1.18 

318 

1.19 

321 

1.19 

336 

L20 

339 

1.20 

354 

1.21 

357 

1.21 

872 

1.22 

375 

1.22 

390 

L23 

393 

1.23 

406 

1.24 

427 

Details  of  the  application  of  this  table  in  the  r^ulation  of 
electroljrtic  copper  baths  will  be  given  in  the  second  edition  of 
Bureau  of  Standards  Circular  52. 

This  work  was  carried  out  under  the  direction  of  Messrs.  W. 
Blum  and  H.  W.  Bearce. 

Washington,  November  27,  ipis* 


PROTECTED  THERMOELEMENTS 


By  Arthur  W.  Gray,  Aasiatant  Phyncut 


Although  it  is  customary  to  mount  industrial  thermoelements 
in  protecting  tubes  provided  with  convenient  heads  for  attach- 
ing the  leads  to  the  apparatus  employed  for  measuring  the  elec- 
tromotive force,  the  wires  of  the  average  thermoelement  to  be 
seen  in  a  physical  or  chemical  laboratory  are  either  entirely  unpro- 
tected or  else  merely  have  portions  adjacent  to  the  junctions 
inserted  in  glass  or  porcelain  tubes.  Such  an  arrangement  may 
be  sufficient  for  temporary  purposes,  but  it  is  by  no  means  the 
best  for  everyday  use.  Kamerlingh  Onnes*  has  pointed  out 
some  of  the  advantages  to  be  derived  from  properly  protecting 
laboratory  thermoelements,  and  has  described  in  great  detail  the 
protected  elements  regularly  used  in  the  Leiden  laboratory.* 

Protected  thermoelements  have  also  been  described  by  White  • 
and  by  the  present  writer.*  This  paper  deals  with  a  type  of 
mounting  which  has  been  gradually  developed  at  the  Bureau  of 
Standards.  It  is  applicable  to  elements  for  either  high  or  low 
temperatures,  and  experience  has  shown  it  to  be  a  great  conven- 
ience in  addition  to  giving  adequate  protection  against  damage 
by  contamination  or  by  mechanical  strains. 

The  complete  thermoelement  with  its  ice  bottle  is  shown  in 
Fig.  I  just  as  it  appears  when  ready  for  use;  the  three  main  parts 
are  separated  in  Fig.  2;  while  a  vertical  section  of  the  ice  end  is 
given  by  Fig.  3.  The  element  represented  is  of  copper  and  con- 
stantan.  The  slight  modifications  necessary  for  a  platinum, 
platinum-rhodium  element  will  be  obvious. 

^  H.  ITftTnfrtiiigh  Onnes,  Leiden  Conmnmicatiaa  No.  a?,  p.  aj;  1896. 

*H.  Kamerlinc^h  Onnes,  Leiden  Communication  No.  37,  p.  ao,  1896;  H.  Kamerlingh  Onnes  and  C.  A. 
Crommdin,  Leiden  Commnnication  No.  89,  1903;  No.  95a,  1906. 
'  W.  P.  White,  Joum.  Am.  Chem.  Soc.  86,  p.  3303: 1914. 
*  A.  W.  Gray,  this  Bulletin,  10,  p.  464;  19x4. 
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The  silk  insulation  is  left  on  the  copper  and  the  constantan 
wires  except  within  the  Jena  combustion  glass  tube  which  covers 
the  temperature-determining  end.  Within  this  tube  the  silk  is 
removed  from  all  but  a  few  centimeters  at  the  end  farthest  from 
the  junction,  and  is  replaced  by  a  glass  capillary  surrounding  one 
of  the  wires,  because  this  thermoelement  is  used  for  temperatures 
up  to  over  300°  C.  As  a  precaution  the  silk-covered  portions  of 
the  wires  are  treated  to  a  bath  of  hot  paraffin  to  improve  the  insu- 
lation. The  glass  protecting  tube  is  cemented  with  de  Khotinsky 
cement  into  a  sleeve  soldered  to  one  end  of  a  soft  copper  tube 
through  which  the  wires  pass  to  the  head  at  the  ice-junction  end. 
The  sleeve  A,  soldered  to  the  ice  end  of  this  copper  tube,  screws 
into  a  head,  J5,  of  mahogany  which  has  been  prepared  by  keeping 
in  paraffin  at  about  120°  C  until  bubbles  of  steam  escaping  from 
the  wood  cease  to  be  visible.  This  head  contains  the  binding 
posts  C  and  D  for  receiving  the  leads  to  the  potentiometer  (or 
galvanometer)  that  is  used  for  measuring  the  electromotive  force 
by  which  the  temperature  is  determined.  Each  of  these  binding 
posts  is  a  single  piece  of  round  copper  rod  with  an  axial  hole  at  its 
upper  end  to  receive  the  lead  wire  and  an  extension  at  its  lower 
end  for  attachment  to  one  of  the  wires  from  the  thermoelement. 
The  posts  are  recessed  in  the  head  to  avoid  danger  from  parasitic 
thermal  electromotive  forces. 

The  insulating  head,  J?,  screws  into  a  short  brass  tube,  E,  which 
is  provided  with  a  knurled  collar,  F,  at  the  top  and  is  closed  at  the 
bottom  except  for  a  central  hole  through  which  the  glass  tube,  G, 
extends  down  into  the  middle  of  the  ice  bath.  The  lower  end  of 
this  tube  is  drawn  out  thin  and  contains  the  thermoelement  jimc- 
tion,  H,  The  copper  wires  from  the  ends  of  the  constantan  wire 
are  soft  soldered  to  the  extensions  of  the  binding  posts,  C  and  Z7, 
as  indicated.  In  order  to  avoid  temperature  gradients  across 
these  soldered  joints,  very  little  solder  is  used,  and,  in  addition, 
each  wire,  covered  with  its  silk  insulation  right  up  to  the  joint,  is 
tightly  wrapped  several  times  around  the  binding-post  projection 
and  then  embedded  in  parafifin.  Fused  around  the  upper  end  of 
the  tube,  G,  i^  a  glass  cup,  /,  which  holds  phosphorus  pentoxide 
covered  by  glass  wool  and  by  the  paraffin-soaked  fiber  washer  /. 
The  cup,  /,  is  cemented  by  means  of  sealing  wax  into  the  brass 
tube  E, 
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The  ice  surrounding  the  junction  H  is  contained  in  a  i -quart 
*Xaloris"  vacuum  jar,  Ky  which  comes  protected  by  a  thin  nickel- 
plated  case,  L.  Around  the  top  of  this  case  is  soldered  a  stout 
brass  ring  provided  with  two  radial  projecting  pins  (shown  in 
Fig.  2  but  not  in  Fig.  3)  that  form  part  of  the  bayonet  joint  from 
which  the  ice  bottle  is  suspended  from  the  cap  N.  A  spring  (visi- 
ble in  Figs.  I  and  2)  prevents  the  bayonet  joint  from  accidentally 
coming  loose. 

Lining  the  cap,  N^  is  the  flat  paraffin-soaked  cork  (9,  against 
which  the  vacuum  jar,  K,  is  pressed  upward  by  a  spiral  spring 
in  the  bottom  of  the  case  L.  Extending  upward  from  the  top  of 
iV  is  a  split  tube  P,  into  which  the  tube,  E,  of  the  thermoelement 
head  fits  with  moderate  friction.  The  whole  assemblage  is  sup- 
ported by  the  rod  Q,  and  is  made  to  fit  the  standard  laboratory 
clamps. 

The  soft  copper  tube  uniting  the  two  ends  of  the  thermoelement 
is  flexible  enough  to  permit  bending,  and  yet  is  rigid  enough  to 
retain  whatever  shape  is  given  to  it.  The  wires  within  are  thor- 
oughly protected  from  damage  by  sharp  bending,  which  is  liable 
to  introduce  heterogeneity.  Vacuum  bottles  of  the  type  described 
frequently  retain  ice  in  good  condition  for  two  days.  When  it 
becomes  necessary  to  renew  the  ice,  a  slight  turn  of  the  case,  L, 
frees  the  bayonet  joint  and  permits  lowering  of  the  ice  container 
without  disturbing  anything  else. 

A  multiple  thermoelement  divided  into  two  equal  parts  as 
advocated  by  White  *  can  also  be  conveniently  protected  by  the 
mounting  just  described  if  another  pair  of  binding  posts  is  pro- 
vided. 

Washington,  January  27,  1916. 


*  W.  p.  White,  Jonr.  Am.  Chem.  Soc.,  86,  p.  ajos;  19x4. 
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!•  INTRODUCTION 

Since  the  establishment  of  the  international  candle  in  1909 
.  this  unit  has  been  maintained  at  the  Bureau  of  Standards  solely 

by  means  of  a  group  of  4-wpc  carbon  filament  incandescent 
lamps.  With  the  advent  of  the  timgsten  lamp  there  was  intro- 
duced into  standardization  work  the  difficulty  of  comparing  lights 
of  different  colors,  and  at  once  it  became  desirable  to  have  the 
unit  well  established  also  in  tungsten  lamps  operated  at  or  near 
their  normal  color. 

In  191 1,  by  common  agreement  between  the  National  Physical 
Laboratory  of  England  and  the  Bureau  of  Standards,  each  labo- 
ratory prepared  a  group  of  tungsten  standards  calibrated  for 
voltage  corresponding  to  approximately  1.5  wpc.  These  two 
groups  of  lamps,  which  were  thus  operated  at  very  approxi- 
mately the  same  color,  were  then  exchanged  and  each  group  was 
remeasured  by  the  receiving  laboratory  at  the  voltage  determined 
by  the  sending  laboratory.  A  group,  similar  to  the  one  sent  to 
England,  and  standardized  in  the  same  series  of  meastu'ements, 
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was  retained  at  the  Bureau,  and  half  of  the  group  received  from 
England,  after  measurement,  was  returned  for  remeasurement. 

In  view  of  the  difl&culties  involved  in  the  intercomparison,  the 
result  was  very  satisfactory,  as  it  showed  that  the  two  laboratories 
were  in  agreement  to  within  the  indicated  precision  of  the  meas- 
urements. In  both  laboratories  the  new  standards  were  meas- 
ured by  means  of  Lummer-Brodhun  contrast  photometers  of  the 
standard  type,  and  in  terms  of  similar  groups  of  4-wpc  carbon 
standards,  the  English  laboratory  having  made  the  comparison  by 
the  cascade  method,*  the  Bm-eau  of  Standards  by  the  use  of  two 
calibrated  blue  glass  screens,  each  of  which  produced  a  color 
match  between  the  two  groups  of  standards  compared.  It  is  ob- 
vious, therefore,  that  the  calibration  of  the  glass  screens  used  by 
the  Bureau  in  this  intercomparison  was  a  matter  of  prime  impor- 
tance, and  for  this  reason  a  large  amount  of  work  has  been  done 
in  checking,  by  various  methods,  the  values  first  assigned. 

In  connection  with  these  check  measurements  and  after  a 
determination  of  the  candlepower  and  current  of  a  group  of  tung- 
sten substandards  at  several  voltages  had  been  made,  and  this 
followed  by  a  fiulher  investigation  of  other  groups  of  tungsten 
lamps,  the  voltage-current-candlepower  curves  were  determined 
and  accm^tely  expressed  by  means  of  equations.*  It  was  fotmd 
that  by  employing  these  equations  it  is  possible  to  measure 
tungsten  lamps  in  color  match  with  4-wpc  carbon  standards  and 
compute  with  accuracy  their  value  at  any  o^er  color  within  the 
range  investigated.  In  this  way,  as  well  as  by  direct  compari- 
sons, the  new  tungsten  standards  have  been  rechecked  a  number 
of  times  by  different  groups  of  observers. 

These  equations  have  an  important  application  also  in  the  life 
testing  of  ttmgsten  lamps,  because  in  some  testing  laboratories 
it  is  customary  to  photometer  the  lamps  at  or  near  rated  voltage 
and  compute  the  voltage  corresponding  to  the  efficiency  at  which 
it  is  desired  to  bum  the  lamps  on  life  test. 

In  the  establishment  of  the  1.5-wpc  tungsten  standards  and 
also  in  the  determination  of  the  characteristic  equations,  the 
photometric  measurements  of  necessity  involved  color  differences. 
Although  nimierous  check  measurements  have  been  made  and 
the  results  have  been  very  satisfactory,  it  is,  of  course,  realized 

1  Paterson  and  Budding.  Proc.  Phys.  Soc.  London,  p.  363,  Apr.  15,  1915:  also  Phil.  Mag.,  p.  63.  July, 

X9XS. 

*  Middlekauff  and  Skogland.  Characteristic  Equations  of  Tungsten  Filament  I«amps  and  their  Appli- 
cation  in  Heterochromatic  Photometry.  Trans.  I.  H.  S.  9*  p.  734*  19x4;  also  this  Bulletin.  11,  p.  483,  X9Z5* 
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that  if  some  other  group  of  observers  had  made  these  measure- 
ments the  values  obtained  might  have  been  different. 

It  was  therefore  suggested  that  an  interlaboratory  photometric 
comparison  of  lights  involving  color  differences  such  as  those 
encountered  in  these  measiu-ements  would  yield  valuable  infor- 
mation not  only  as  to  the  agreement  which  might  be  reasonably 
expected  among  different  groups  of  experienced  observers,  but 
also  information  as  to  the  merits  of  different  methods  of  making 
such  meastu^mehts. 

n.  LABORATORIES  COOPERATING 

The  Bureau,  therefore,  in  May,  191 4,  invited  several  of  the 
more  important  photometric  laboratories  of  the  country  to 
cooperate  with  it  in  making  meastu-ements  of  this  kind. 

Through  Dr.  E.  P.  Hyde,  Dr.  C.  H.  Sharp,  and  Dr.  H.  E. 
Ives,  respectively,  the  Nela  Research  Laboratory,  the  Electrical 
Testing  Laboratories,  and  the  Physical  Laboratory  of  the  United 
Gas  Improvement  Co.  kindly  agreed  to  make  such  meastirements 
on  glass  screens  and  tungsten  lamps  as  the  Bureau  would  direct. 

m.  SCREENS,  LAMPS,  AND  mSTRUCTIONS  AS  TO  METHODS  OF  MEAS- 
UREMENT 

For  this  intercomparison  there  were  selected  three  blue  glass 
screens  of  different  color  densities  and  marked  2B,  2KB,  and  3B, 
respectively.  2>^  B  was  of  approximately  the  same  color  density 
as  the  screens  used  by  the  Bureau  in  the  intercomparison  with 
England,  and  was  therefore  such  as  to  produce  a  color  match 
between  the  4-wpc  carbon  standards  and  the  1.5-wpc  tungsten 
standards.  2B  and  3B  were  of  lesser  and  greater  color  density, 
respectively,  than  2KB,  producing  a  color  match  between  the  4- 
wpc  carbon  standards  and  ttmgsten  lamps  at  about  i  .9  wpc  and 
1.25  wpc,  respectively. 

The  transmission  of  each  glass  for  light  of  4-wpc  carbon  color 
was  to  be  determined  by  each  laboratory,  and,  in  order  that 
the  proper  color  might  be  used,  a  carbon  standard  of  this  color 
at  a  specified  voltage  was  sent  along  with  the  screens. 

There  were  selected  also  four  tungsten  standards  to  be  meas- 
ured for  candlepower  and  current  at  several  specified  voltages, 
the  color  at  the  lowest  voltage  being  the  same  as  that  of  the  4- 
wpc  carbon  standards.  The  candlepower  at  the  other  voltages 
was  to  be  determined  in  terms  of  the  value  at  the  lowest  voltage 
taken  as  standard,  or  imity. 
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The  voltages  specified  for  these  measurements  corresponded 
to  a  range  from  3.1  wpc  to  0.85  wpc  for  the  txmgsten  lamp. 
The  lamps  were  selected  from  those  used  in  the  investigation  of 
the  characteristic  cmves  and  included  a  6o-watt  sintered  filament 
lamp  (No.  2608);  a  60-watt  "formed"  drawn-wire  lamp  (No. 
2662)  with  spring  anchors;  and  two  40-watt  drawn-wire  lamps 
(Nos.  2865  and  2866). 

As  the  purpose  of  the  investigation  was  to  obtain  information 
as  to  methods  and  the  agreement  of  different  groups  of  observers 
in  passing  from  one  color  to  another  in  photometric  measurements, 
no  instructions  other  than  those  mentioned  above  were  issued  to 
the  laboratories.  It  was  desired  that  each  laboratory  proceed  by 
the  method  it  considered  best,  and  it  was  not  expected  that  a  large 
number  of  measurements  would  be  made.  Hence,  in  view  of  the 
difficulties  which  were  to  be  met  in  these  measurements,  it  was 
hardly  to  be  expected  that  values  established  by  the  Bureau  as  the 
result  of  a  much  larger  number  of  measurements  and  checks 
would  be  repeated  exactly.  However,  as  will  appear  later,  the 
results  of  all  the  laboratories  are  extremely  consistent  and  the 
agreement  quite  satisfactory. 

Two  of  the  laboratories  (E.  T.  L.  and  N.  R.  L.)  used  standard 
type  Lummer-Brodhun  contrast  photometers  in  all  the  measmre- 
ments.  The  third  laboratory  (U.  G.  I.),  in  the  measurements  on 
the  screens,  used  a  special  flicker  photometer,'  and  in  the  measmre- 
ments  on  the  lamps  a  Lummer-Brodhun  photometer  having  in 
the  eyepiece  a  cell  containing  a  Crova  solution  *  which  was  cali- 
brated by  a  method  involving  the  flicker  photometer.  All  the 
measurements  by  the  U.  G.  I.  were  made  under  selected  conditions 
of  illumination  and  with  groups  of  observers  selected  after  tests 
of  their  color  vision  with  respect  to  the  average  of  much  larger 
groups.  The  data  obtained  are  therefore  valuable  in  making  a 
comparison,  not  only  of  observers  but  also  of  different  methods  of 
measurement. 

In  no  laboratory  were  the  lamps  measured  at  the  same  time  as 
the  screens,  a  period  of  from  4  to  13  months  having  intervened 
between  the  two  series.*  Although  this  was  not  intentional,  it 
fortunately  proved  of  value  in  showing  that  each  laboratory  con- 
sistently maintained  its  criterion  in  measurements  involving  a 

*  H.  B.  Ives.  Phys.  Rev.,  p.  aaa;  Sept.,  19x4. 

*  Ives  and  Elingsbury;  Trans.  I.,  £.  S.,  10,  p.  7x6;  2915. 

*  The  mteroompariaon  was  begun  in  June,  79x4,  but  was  not  completed  until  in  December.  19x5. 
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color  difference.  In  order  to  avoid  confusion,  all  the  restdts, 
including  those  of  the  Bureau,  on  the  screens  axe  given  together, 
as  are  likewise  all  the  results  on  the  lamps. 

IV.  RESULTS  ON  THE  SCREENS 

The  values  for  the  screens  are  given  in  the  four  following  tables, 
and,  except  as  noted,  they  are  as  stated  in  the  reports  from  the 
laboratories.  The  results  of  the  three  laboratories  using  Lummer- 
Brodhtm  photometers  are  grouped  together,  and  when  comparisons 
are  made,  flicker  values  are  compared  with  the  mean  of  those 
obtained  with  the  Ltimmer-Brodhun. 

TABLE  1 
Values  of  Ttansmissioii— ^Bureau  of  Stuidards 


2B 

2HB 

SB 

ObMCTtfB 

Indlract 

Direct 
mefbod 

Indirect 

Direct 
mefbod 

Indliect 
mttHffil 

Dlied 
method 

G.W.M 

a652 
.651 
.648 
.652 
.652 
.651 
.651 
.650 

a654 
.652 
.645 
.667 
.652 
.648 
.655 
.652 

a585 
.585 

.581 

(«) 
.585 
.581 
.584 
.585 

a588 
.584 

.575 
.596 
.580 
.581 
.583 
.582 

0.537 
.538 

.541 

.539 
.535 
.541 
.538 

a  543 

J.F.S 

B.M 

.538 

.526 

B.B.8 

.552 

w.  j.s: 

.534 

" "  J*  ""•  ---------------------------------- 

W.H.V 

.535 

A.H.T 

.535 

O.J.S 

.536 

Mmh 

.651 

.653 

.584 

.584 

.538 

.537 

A  Obeerver  not  available. 

The  photometer  used  was  the  standard  Lummer-Brodhun  con- 
trast. The  approximate  illumination  on  the  photometer  screen 
was  10  meter-candles. 

Methods. — i.  Direct  Method. — ^The  screen  was  placed  on  the  test 
side  of  the  photometer,  the  test  lamp  (a  timgsten)  was  set  to  4-wpc 
carbon  color,  and  the  comparison  lamp  (also  a  tungsten)  was 
adjusted  to  match  in  color  the  light  transmitted  by  the  screen. 
Photometric  settings  were  made  first  with  the  screen  in  place, 
then  with  it  removed,  there  being  a  color  difference  under  the 
latter  condition.  The  ratio  of  the  first  settings  to  the  second  gave 
the  transmission  of  the  screen. 

2.  Indirect  Method. — ^The  first  settings  were  made  as  in  the 
direct  method,  but  when  the  screen  was  renfoved  the  test  lamp 


292 


Bvlletin  of  the  Bureau  of  Standards 


WU.  13 


was  sufficiently  increased  in  voltage  to  produce  a  color  match 
with  the  comparison  lamp.  The  ratio  of  the  candlepower  of  the 
test  lamp  at  these  two  voltages  was  computed  by  means  of  the 
voltage-candlepower  equation.  With  this  factor  applied,  the  ratio 
of  the  settings,  screen  in  to  screen  out,  gave  the  transmission. 

In  both  of  the  above  methods,  when  the  screen  was  removed 
it  was  replaced  by  a  rotating  sectored  disk  of  the  proper  opening 
to  make  the  photometer  balance  at  about  the  same  point  as  when 
the  screen  was  in  place. 

Each  value  in  Table  i  is  the  mean  of  about  four  independent 
determinations,  the  average  deviation,  by  either  method,  being 
about  0.5  per  cent. 

TABLE  2 

* 

Valttes  of  Transmission — ^Electrical  Testing  Laboratories 


2B 

2HB 

3B 

Odmcvmb 

Series 
1 

Series 
2 

Weighted 
mesn 

Series 
1 

Series 
2 

Weighted 
mesn 

Series 

1 

Series 
2 

Welded 
mesn 

C.H.S 

0.651 
.660 
.660 
.656 
.656 
.653 
.659 

0.672 
.662 
.652 
.657 

.666 

a  651 
•  666 
.661 
.655 
.656 
.653 
.659 
.  666 

0.583 
.  594 
.585 

.586 
.587 
.579 
.589 

0.586 
.588 

.587 
.576 

.594 

0.583 
.590 
.586 

.586 
.583 
.579 
.589 
.594 

0.537 
.530 
.545 
.545 
.543 
.535 
.539 

0.553 
.  546 
.537 
.539 

.555 

0.537 

M.H.T 

.542 
.545 

C.E.H 

W.A.M 

.542 
.542 

Z.N.C 

A.K 

.535 
.539 

E.H 

.555 

Mom 

.656 
.656 

.662 
.659 

.586 

.585 

.586 
.586 

.539 
.541 

.546 
.543 

Weighted  mecii 

.657 

.585 

.542 

The  photometer  used  was  the  standard  Lummer-Brodhun  con- 
trast. The  approximate  illumination  on  the  photometer  screen 
was  2.5  to  3.8  meter-candles.  As  the  distance  between  test  and 
comparison  lamps  was  fixed,  the  illumination  depended  upon  the 
screen  used  and  was  highest  with  the  screen  removed. 

Method:  Direct. — ^Two  carbon  lamps,  each  operated  at  a  voltage 
giving  a  match  in  color  with  the  B.  S.  4-wpc  carbon  lamp,  were 
set  up  at  opposite  ends  of  a  five-meter  photometer.  Settings  were 
made,  first  without  the  screen,  then  with  the  screen  interposed. 
This  was  done  first  on  one  side  of  the  photometer  and  then  on  the 
other.  The  observers  were  weighted  according  to  their  experi- 
ence in  color  difference  measurements  and  the  niunber  of  meas- 
urements made  in  these  tests.     Series  i  and  2  are  independent 
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determinations  by  this  method.  For  pmposes  of  comparison  the 
weighted  mean  values  (columns  4,  7,  and  10)  for  each  observer 
were  computed  by  the  authors. 

TABLE  3 
Values  of  Tnnsmission — ^Nela  Research  Laboiatocy 


ObMrvw* 

2B 

2^^ 

SB 

SMiMl 

SMiM2 

Mma 

SerlMl 

SMiM2 

Meui 

S«riMl 

SeriM2 

Man 

E,P.H 

a660 
.659 
.665 

.652 
.664 
.656 

a662 
.661 
.660 
.650 
.662 
.656 

0.661 
.660 
.662 
.651 
.663 
.656 

0.590 
.592 
.593 
.578 
.594 
.584 

a  592 
.590 
.590 
.578 
.592 
.584 

0.591 
.591 
.592 
.578 
.593 
.584 

a544 
.548 
.551 
.531 
.550 
.540 

0.543 
.546 
.541 
.530 
.549 
.538 

0.544 

F.B.C 

M.L 

.547 
.546 

CP.S 

.531 

B.O.B 

.550 

LILW 

.539 

Mma 

.659 

.6SCb 

.659 

.588» 

.588 

.588 

.544 

.543 

.543 

The  photometer  used  was  the  standard  Lummer-Brodhun  con- 
trast. The  approximate  illumination  on  photometer  screen  was  1 7 
meter-candles. 

Method, — Same  as  the  B.  S.  direct  method,  except  that  the 
screen  and  sectored  disk  were  employed  on  the  side  of  the  com- 
parison lamp,  which  was  set  to  4-wpc  carbon  color.  Series  i 
and  2  are  independent  determinations  by  this  method. 

TABLE  4 
Values  of  Tnuismissioo — United  Gas  ImproTement  Co. 


OlMeiven 


H.E.I 

E.F.K 

P.A.S 

B.J 

D.V.L.D. 
E.J.B 

Mean 


2B 

ly^ 

3B 

Series 

1 

Series 
2 

Mean 

Series 
1 

Series 
2 

Mean 

Series 

1 

Series 
2 

0.645 

0.650 

0.6475 

0.580 

0.579 

0.5795 

0.534 

0.527 

.658 

.661 

.6595 

.587 

.588 

.5875 

.548 

.543 

.645 

.646 

.6455 

.583 

.577 

.5800 

.528 

.523 

.656 

.642 

.6490 

.575 

.574 

.5745 

.528 

.528 

.639 

.642 

.6405 

.585 

.578 

.5815 

.529 

.522 

.637 

.639 

.6380 

.572 

.573 

.5725 

.521 

.522 

.640 

.643 

•.6415 

.576 

.577 

.5765 

.521 

.528 

.646 

.646 

.646 

.580 

.578 

.579 

.530 

.528 

Mean 


0.5305 
.5455 
.5255 
.5280 
.5255 
.5215 
.5245 


.529 


The  photometer  used  was  a  special  flicker  (see  footnote  3) .  The 
brightness  of  the  photometer  field  was  that  of  a  magnesium  oxide 
surface  under  25  meter-candles  illumination. 
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Method:  Direct. — ^The  measurements  were  made  by  seven 
observers  so  selected  from  25  that  their  mean  on  the  color  difference 
for  which  they  were  tested  was  the  same  as  that  of  the  25. 

TABLE  5 
De?iatioii8  of  Each  Observer  From  the  Mean  of  His  lebontocy 

BURBAU  OF  STANDARDS 
Direct  Method 


TieMml—ian 

DevIftUon  of  otMOfven 
from  mean  of  all 

Mean 

of 
devia- 
ttnoa 

MaiD* 
mum 
dffier- 

OliMfvefB 

2B 

2HB 

3B 

Mean 

2B 

2HB 

3B 

enoa 
be- 
tween 
devia- 
tiona 

O.W.M 

a654 
.652 
.645 
.667 
.652 
.648 
.655 
.652 

0.588 
.584 
.575 
.596 
.580 
.581 
.583 
.582 

0.542 
.538 

.526 
.552 
.534 
.535 
.535 
.536 

0.595 
.592 
.582 
.605 
.589 
.588 
.591 
.590 

+0.001 

-  .001 

-  .008 
+  .014 

-  .001 

-  .005 
+  .002 

-  .001 

+0.004 

.000 

"  .009 

+  .012 

-  .004 

-  .003 

-  .001 
>  .002 

+0.005 
+  .001 

-  .011 
+  .015 
~  .003 

-  .002 
~  .002 

-  .001 

0.003 
.001 
.009 
.014 
.003 
.003 
.002 
.001 

0  004 

J.F.8 

B,M 

.002 
003 

B.B.8 

.003 

W.H.V 

.003 
.003 

A.H.T 

.004 

G.J.S 

.001 

XCmii           

.653 

.584 

.537 

.591 

.004 

.004 

.005 

•      .004 

1 

.003 

Indiiect  Method 


O.W.M... 

J.F.8 

B.M 

H.B.S 

W.J.K.... 
W.H.V.... 
A.H.T.... 
G.J.S 

Mean 


a652 
.651 
.648 
.652 
.652 
.651 
.651 
.650 


651 


a585 
.585 

.581 


.585 

.581 

.  dor 

.585 


584 


0.537 
.538 
.541 


.539 
.535 
.541 
.538 


.538 


0.591 
.591 
.590 


.592 
.589 
.592 

.591 


591 


+0.001 
.000 

-  .003 
+  .001 
+  .001 

.000 
.000 

-  .001 


.001 


+0.001 
+  .001 
-  .003 


+  .001 

-  .003 

.000 

+  .001 


001 


-a  001 
.000 

+  .003 


+  .001 

-  .003 

+  .003 

.000 


,002 


a  001 

.000 
.003 


.001 
.002 
.001 
.001 


.001 


0.002 
.001 
.006 


.000 
.003 
.003 
.002 


.002 


BLBCTRICAL  TESTING  LABORATORIES  (Direct  Method) 


C.H.S 

a  651 
.666 
.661 
.655 
.656 
.653 
.659 
.666 

0.583 
.590 
.586 
.586 
.583 
.579 
.589 
.594 

0.537 
.542 
.545 
.542 
.542 
.535 
.539 
.555 

0.590 
.599 
.597 
.  594 
.594 
.589 
.596 
.605 

-0.006 
+  .009 
+  .004 

-  .002 

-  .001 

-  .004 
+  .002 
+  .009 

-0.002 
+  .005 
+  .001 
+  .001 

-  .002 

-  .006 
+  .004 
+  .009 

-0.005 
.000 

+  .003 
.000 
.000 

-  .007 

-  .003 
+  .013 

0.004 
.005 
.003 
.001 
.001 
.006 
.003 
.010 

0.004 

M.H.T 

.009 
.003 

C.B.H 

.003 

W.A.M 

.002 

Z.N.C 

.003 

A-K 

.007 

E.H 

.004 

Mean 

.657 

.585 

.542 

.595 

.005 

.004 

.004 

.004 

.004 
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Deyiationa  of  Each  Observer  From  the  Mean  of  His  Laboratory — Continued 

HSLA  RBSBARCH  LABORATORT  (Dinct  Method) 


• 

Deviation  ol  (4>aerven 
fxemmeen  of  all 

Mean 

of 

devia- 

tioiia 

Blail- 
differ- 

Ob—ifa 

2B 

2ViB 

3B 

BC—n 

28 

2HB 

3B 

ence 

be- 

tween 

devia- 
*»  — 
tions 

B.P.H 

0.661 
.660 
.662 
.651 
.663 
.656 

0.591 
.591 
.592 
.578 
.593 
.584 

0.544 
.547 
.546 
.531 
.550 
.539 

0.599 
.599 

.600 
.587 
.602 
.598 

+0.002 
+  .Ml 
+  .003 
-  .008 
+  .004 
"  .003 

+0.003 
+  .003 
+  .004 

-  .010 
+  .005 

-  .004 

+0.001 
+  .004 
+  .003 

-  .012 
+  .007 

-  .004 

0.002 
.003 
.003 
.010 
.005 
.004 

0.002 

F.B.C 

.003 

M.L 

.001 

C.F.S 

R.6.B 

.004 
.003 

L1I.W 

.001 

Mmn 

.659 

.588 

.Si3 

.597 

.003 

.005 

.005 

.004 

.002 

URITBD  OAS  IMFROVKMKNT  CO.  (IMfect  Metiiod) 


H.B.I 

0.648 
.660 
.646 
.649 
.640 
.638 
.642 

0.580 
.588 

.580 
.574 
.582 

.572 

.576 

a530 
.546 

.526 
.528 
.526 
.521 
.524 

0.586 
.598 
.534 
.584 
.583 
.577 
.581 

+0.002 

+  .014 

.000 

+  .003 

-  .006 

-  .008 

-  .004 

+aooi 

+  .009 
+  .001 

-  .005 
+  .003 

-  .007 

-  .003 

+0.001 
+  .017 

-  .003 

-  .001 

-  .003 

-  .008 

-  .005 

0.001 
.013 
.Ml 
.003 
.004 
.008 
.004 

aooi 

B.F.K 

.008 

r.  A.S 

.004 

B.  J 

.008 

Mm»  J.  .................. ...... 

D.V.L.D 

B.J.B 

W.M.W 

.009 

.001 
.002 

Mean 

.646 

.579 

.529 

.585 

.005 

.004 

.005 

.005 

.005 

(a)  CoBfPARisoN  OP  Individuai^'  Values. — ^Another  statement 
of  the  results,  including  only  the  mean  of  the  values  obtained  by 
each  observer  on  each  of  the  three  screens,  is  given  in  Table  5.  In 
the  fifth  column  is  given  the  mean  of  the  values  of  each  observer 
for  the  three  glasses.  In  the  sixth,  seventh,  and  eighth  columns 
are  the  deviations  of  each  observer's  value  from  the  mean  of  his 
laboratory  on  each  glass.  The  constancy  of  the  ratio  of  an  ob- 
server's determination  to  that  of  his  laboratory  shows  the  con- 
sistency with  which  he  maintains  his  criterion  throughout  the 
range  of  color  included.  An  examination  of  the  deviations  shown 
in  this  table  (excluding  for  the  present  those  of  the  Bm-eau  by 
the  indirect  method)  shows  that  practically  every  observer,  irre- 
spective of  the  kind  of  photometer  used,  maintained  a  fairly  defi- 
nite relation  to  the  mean  of  the  observers  of  his  lat)oratory.  An 
observer's  agreement  with  himself  is  indicated  by  the  diflFerences 
given  in  the  last  column  of  the  table. 


296 


BtUletin  of  the  Bureau  of  Standards 


[Vol.  13 


By  the  indirect  method  the  variations  among  observers  is 
avoided,  the  difficulties  of  measm-ements  with  a  color  difference 
having  been  previously  met  in  the  determination  of  the  char- 
acteristic equation  upon  which,  of  course,  the  values  obtained 
depend.  As  shown  by  the  table,  the  deviations  of  all  observ- 
ers are  about  equal  and  about  one-fourth  what  they  are  by 
the  direct  (color  difference)  method,  although  there  is  practically 
the  same  degree  of  agreement  of  an  observer  with  himself.  The 
chief  advantage  of  this  method  in  calibrating  a  screen  is  that  a 
reliable  result  may  be  obtained  by  any  group  of  observers,  while 
by  the  direct  method  the  results  may  be  somewhat  different, 
depending  upon  the  characteristics  of  the  observers. 

(6)  Comparison  of  Laboratories'  Values. — In  order  to 
show  in  the  same  way  the  agreement  among  the  various  labora- 
tories, each  taken  as  a  unit,  the  final  means  for  each  laboratory 
are  given  in  Table  6,  in  which,  as  before,  the  flicker  values  are 
compared  with  the  mean  of  those  obtained  with  the  Lummer- 
Brodhun  photometer. 

TABLB  6 

Devifttioiis  of  Labofatories'  Values  from  the  Mean  of  the  Three  Using  Lununer- 

Brodhon  Photometers 

Lummef-BrodliiiB  Photometer 


Tremni  tiifcin 

Devlitlong  from  mean 
L-B  values 

Mean 

of 

devia- 

tlons 

liilazi- 

mtun 
difference 
between 

devla- 

tkna 

2B 

2HB 

3B 

Mem 

2B 

2KB 

3B 

B.S 

0.653 
.657 
.659 

0.584 
.585 

.588 

a  537 
.542 

.543 

0.591 
.595 
.597 

-0.003 
+  .001 
+  .603 

-0.002 
-  .001 
+  .002 

-a  004 

+  .001 
+  .002 

aoo3 

.Ml 
.002 

0.0O2 

B.T.L 

.002 

N.R.L 

.001 

Mean 

.656 

.586 

.541 

.594 

.002 

.002 

.002 

.002 

002 

Flicker  Pbotometer 

0.646 

0.579 

0.529 

0.585 

-0.010 

-0.007 

-0.012 

0.010 

0.005 
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V.  RESULTS  ON  THE  LAMPS 

The  results  on  the  lamps  were  expressed  differently  by  each 
laboratory.  One  (E.  T.  L)  gave  all  the  values  in  candlepower; 
another  (U.  G.  I.)  reported  the  values  as  ratios  using  the  value 
at  the  lowest  voltage  as  tmity ;  and  the  third  (N.  R.  L.)  gave  the 
ratio  of  the  candlepower  at  each  voltage  to  the  candlepower  at 
the  next  lower  voltage.  Only  one  laboratory  (N.  R.  L.)  reported 
the  values  of  the  individual  observers  as  was  done  by  all  in  their 
reports  on  the  screens.  For  this  reason  only  the  mean  values 
obtained  by  each  laboratory  are  given  in  the  table  of  results 
(Table  7). 

The  Bureau's  values  of  both  cturent  and  candlepower  were  read 
from  the  characteristic  ctirves  previously  determined  by  a  group 
of  observers  whose  mean  was  practically  the  same  as  the  mean  of 
the  group  that  made  the  measurements  on  the  screens. 

In  the  Electrical  Testing  Laboratories  the  candlepower  meas- 
urements were  made  by  two  observers  (M.  H.  T.  and  C.  E.  H.) 
whose  mean  was  the  same  as  the  mean  of  all  the  observers  on 
the  screens  and  the  color  steps  were  made  with  Wratten  filters 
which  had  been  calibrated  by  a  large  number  of  observers.  In 
the  Nela  Research  Laboratory  the  measurements  on  the  lamps 
and  screens  were  made  by  the  same  group  of  observers  with  the 
exception  that  observer  M.  L.  made  no  measurements  on  the 
lamps.  The  cascade  method  was  used  in  determining  values  on 
the  lamps  at  the  various  voltages. 

In  the  U.  G.  I.  Laboratory  the  lamps  were  measured  with  a 
Lummer-Brodhun  photometer  having  in  the  eyepiece  a  Crova 
solution  calibrated  on  the  photometric  scale  there  used  in  which 
are  involved  the  flicker  photometer  under  certain  chosen  illumina- 
tion and  other  conditions  and  the  selection  of  observers  from  a 
large  group.  The  group  used  as  a  basis  for  the  Crova  solution 
work  consisted  of  61  observers;  the  glass  screen  calibrations  were  ' 
on  the  basis  of  a  group  of  25 
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TABLE  7 
Candlepowar  and  Current  Values  Found  by  the  Different  Labocatories 


Voiti 

Rolotivo  condlepower 

Amporoo 

uunp  Koo» 

itfiviDifnfi'f*'*i9  wfl  nu  fl  fHijOrfffn^vof 

FUcker 
photo- 
motor 

B.& 

B.T.L. 

N.R.L. 

U.O.L 

B.S. 

B.  T.  L. 

N.  R.L. 

U.G.L 

f         ^ 

1.000 

1.000 

LOOO 

LOO 

4 
0.3646 

0.3647 

0.3646 

0.3650 

81 

1.674 

1.677 

L684 

L68 

.  3944 

.3951 

2608 

91 

2.604 

2.616 

2.627 

2.60 

.4224 

4229 

.4226 

.4234 

101 

3.832 

3.848 

3.864 

3.85 

.4495 

■  ^^3^S 

.  4496 

.4500 

111 

5.392 

5.434 

5.460 

5.34 

.4753 

.4758 

.4756 

.4757 

70 

LOOO 

1.000 

LOOO 

LOO 

.3926 

.3925 

.3920 

.3929 

80 

1.687 

1.695 

L696 

L69 

.4245 

.4249 

.4244 

.4253 

1662 

90 

2.638 

2.647 

2.661 

2.60 

.4549 

.4555 

.4551 

.4555 

100 

3.923 

3.931 

3.88 

.4843 

.4840 

•  ^iW^ 

110 

5.501 

5.554 

5.585 

5.45 

.5118 

.5125 

.5120 

.5121 

[           72 

1.000 

1.000 

LOOO 

LOO 

.2625 

.2628 

.2626 

.2625 

82 

L659 

1.659 

L674 

L65 

.2838 

.2841 

.2838 

.2840 

2865 

92 

2.567 

2.579 

2.615 

2.56 

.3037 

.3041 

.3036 

.3035 

112 

5.277 

5.354 

5.389 

5.28 

.3408 

.3411 

.3406 

.3408 

132 

9.40 

9.45 

9.58 

9.22 

.3744 

.9752 

.3748 

.3749 

72 

LOOO 

LOOO 

LOOO 

LOO 

.2611 

.2615 

.2614 

.2616 

92 

2.576 

2.588 

2.621 

2.58 

.3020 

.3024 

.3024 

.3024 

2866 

112 

5.304 

5.355 

1415 

5.30 

.3390 

.3395 

."3393 

.3394 

122 

7.191 

7.223 

7.321 

7.16 

.3562 

.3568 

.3566 

.3566 

132 

9.46 

9.52 

9.63 

9.38 

.3728 

.3735 

.3732 

.3731 

The  Nela  Research  Laboratory  gave  the  highest  and  lowest 
ampere  values  at  each  voltage,  but  to  make  the  results  uniform 
with  the  definite  values  reported  by  the  other  laboratories  the 
mean  of  these  extremes  at  each  voltage  was  assumed  as  the  cor- 
rect ampere  value.  The  deviations  of  the  ampere  values  as  given 
for  the  various  laboratories  in  Table  7  from  the  mean  of  all  at 
each  voltage  have  been  computed  and  found  to  be,  on  the  average, 
about  0.05  per  cent  and  the  same  for  all  four  lamps. 

In  Table  8  are  given  the  values  of  the  ratios  of  the  candle- 
power  at  each  voltage  to  that  at  the  lowest  voltage,  which  corres- 
ponds to  4-wpc  carbon  color.  The  laboratories  are  arranged  in 
the  order  in  which  they  measured  the  lamps.  As  in  the  case  of 
the  results  on  the  glass  screens,  the  values  obtained  by  each  lab- 
oratory are  compared  with  the  mean  of  the  three  laboratories 
using  Lummer-Brodhun  photometers. 
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VottofO 
nSo 

I«mpll«. 

Lwn 

lflFlffif*j3l0u] 

■WW  nhrtwnntftf 

FUckor 
motor 

• 

B.& 

S.T.L. 

N.R.L. 

Moon 

U.O.L 

2608                          

81:71 
80:70 
82:72 

L674 
1.687 
1.659 

1.677 
1.695 
1.659 

1.684 
1.696 
1.674 

1.678 
1.693 
1.664 

1.68 

2662 

1.69 

2865  . .          

1.65 

MMn 

1.673 
-  .3 

1.677 
-  .1 

1.685 
+  .4 

1.678 
.3 

1.673 

■  ■^^'■^wlMI  wHMtt  WBA**!  '  •i^f  fiflfl3>  1 ._._._ 

—  .3 

91:71 
90:70 
92:72 
92:72 

2608 

2.604 
2.638 
2.567 
2.576 

2.616 
2.647 
2.579 
2.588 

2.627 
2.661 
2.615 
2.621 

2.616 
2.649 
2.587 
2.595 

2.60 

2662  ...          .   . 

2.60 

2865    .. 

2.56 

2866 

2.58 

Mvan 

2.596 
-  .6 

2.608 
-  .2 

2.631 

+  .7 

2.612 
.5 

2. 585 

^■^.^^^iJ^^AA^b^^    A^^^^^M^    ^A^^M^K^^    w^^^^^^  ^^^k^imA\ 

—1.0 

2608 

101:71 
100:70 

3.832 
3.896 

3.848 
3.923 

3.864 
3.931 

3.848 
3.917 

3.85 

2662 

3.88 

MMn 

3.864 
-  .5 

3.886 
+  .1 

3.898 

+  .4 

3.883 

.3 

3.865 

^^ttVlftuflfll  CPDIB  lUAftfl  f  flAff  fiflflu  1 ...... 

—  .5 

2608 

111:71 
110:70 
112:72 
112:72 

5.392 
5.501 
5.277 
5.304 

5.434 
5.554 
5.354 
5.355 

5.460 
5.585 

5.389 
5.415 

5.429 
5.547 
5.340 
5.358 

5  34 

2662 

5.45 

2865 

5.28 

2866 

5.30 

Mean 

5.368 

-  .9 

5.424 
+  .1 

5.462 

+  .8 

5.418 
.6 

5.342 

Deviation  from  moon  (por  cont) 

—1.4 

•  •  •     •  •  • 

2866 

122:72 

7.191 
-  .7 

7.223 
-  .3 

7.321 
+1.0 

7.245 
.7 

7.16 

DoviaUon  iram  moon  (por  coot) 

—1.2 

2865 

132:72 
132:72 

9.40 
9.46 

9.45 
9.52 

9.58 
9.63 

9.48 
9.54 

9.22 

2866 

9  38 

Mnn 

9.43 
-  .9 

9.48 
-  .3 

9.61 
+1.0 

9.51 
.      .7 

9  30 

Deviation  from  moon  (por  eoni) 

—2  2 

In  order  to  determine  later  the  agreement  of  the  measurements 
on  the  lamps  with  those  on  the  screens,  percentage  deviations 
from  the  mean  obtained  for  all  lamps  at  each  voltage  are  given  in 
Fig.  I ,  and  the  representative  curve  for  each  laboratory  is  drawn. 
The  points  at  which  the  screens  fall  (i.  e.,  the  approximate  voltage 
to  which  a  tungsten  test  lamp  would  have  to  be  set  to  obtain  a 
color  match  with  the  screen  removed)  are  indicated  by  the  vertical 

50239*^—16 0 
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dotted  lines  which  intersect  the  curves  of  this  figure.  Correction 
to  the  mean  value  of  the  transmission  of  each  screen  may  now  be 
assigned  from  a  consideration  of  the  percentage  diflFerence  on  the 
lamps,  as  shown  in  the  figure  at  the  intersection  with  the  corre- 
sponding vertical  line.  There  is  thus  obtained  for  the  screens  a 
relation  among  the  laboratories  corresponding  to  that  given  by 
the  curves  for  the  lamps  over  the  range  covered  by  the  screens. 
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FkG.  z. — ValiMs  on  the  lamps  expressed  as  differences  from  the  mean  obtained  by  the  three 
laboratories  using  Lummer-Brodhun  photometers.  The  dots  at  lOOf  zzo,  I20,  and  ijo 
volts  represent  flicker  values  found  by  Crittenden  and  Richtmyer,    (See  Section  VI.) 


VI.  COMPARISON  OF  RESULTS  ON  LAMPS  AND   SCREENS 

The  values  obtained  for  the  glasses  by  direct  measurement  and 
those  by  computation  (see  Sec.  V)  from  the  results  on  the  lamps 
are  compared  in  Table  9.  In  the  last  fom*  columns  of  the  lower 
half  of  the  table  are  the  differences  between  these  two  sets  of 
values.  It  is  to  be  noted  that  for  the  three  laboratories  using 
the  I/tunmer-Brodhun  photometer  the  differences  average  about 
o.  2  per  cent  on  the  mean  of  the  three  glasses.  That  is,  each  labora- 
tory was  remarkably  consistent  in  the  two  series  of  measurements. 
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TABLE  9 


Comparison  of  Observed  and  Computed  Values  on  the  Screens 


ValoM  €l  Kvaens  u  obMtved 

Scnms 

B.S. 

B.T.L. 

K*  R.  Ita 

Mean 

U.G.L 

2B 

a653 
.584 
.537 

a  657 
.585 

.542 

a650 
.588 

.543 

a656 
.586 
.541 

a646 

2KB 

.579 

SB 

. 

.529 

M^wn 

.591 

.595 

.507 

.594 

.585 

• 

SCTMIIfl 

BUMmuMiiMiti  qh  umpi 

Differences,  oompoted  vahtes  fram 
obieived  values 

B.S. 

B.T.L. 

K«  R*  L* 

TJ.O.L 

B.& 

E.T.L. 

N.IUL. 

U.G.L 

2B 

a653 
.5825 

.537 

0.6555 
.5855 

.5405 

0.6595 
.5905 
.5455 

a6525 
.5815 
.5355 

0.000 
+  .0015 
.000 

+0.0015 
-  .0005 
+  .0015 

-0.0005 

-  .0025 

-  .0025 

—0.0065 

2KB 

—  .0025 

SB 

—  .0065 

Mmii 

.591 

.594 

.5985 

.590 

.0005 

.0012 

.0018 

.0052 

In  regard  to  the  flicker  values,  it  appears  that  the  somewhat 
greater  differences  between  the  results  on  the  glasses  and  the 
lamps  is  due  to  the  values  assigned  to  the  former.  As  further 
evidence  of  this  fact,  the  results  by  Crittenden  and  Richtmyer  • 
on  two  of  the  lamps  (Nos.  2865  and  2866),  using  color  screens 
calibrated  by  means  of  a  flicker  photometer,  agree  very  closely, 
except  at  120  volts,^  with  those  reported  by  the  U.  G.  I.,  then- 
values  being  indicated  by  dots  in  Fig.  i .  On  the  other  hand,  the 
results  given  by  the  same  authors  for  the  screens  by  the  flicker 
method  do  not  agree  so  well  with  the  U.  G.  I.  values  here  reported. 

The  differences  given  in  this  table  show  that  the  first  three 
laboratories  mentioned  are  consistent  in  their  measurements  on 
the  lamps  and  screens  to  within  less  than  0.2  per  cent  on  the 
average,  and  that  the  U.  G.  I.  computed  value  is  practically  the 
same  as  that  of  the  Bureau  of  Standards. 


Vn.  ADDITIONAL  CHECK  MEASUREMENTS 

In  order  to  secure  a  further  check  of  the  ratio  of  the  values 
obtained  by  the  Nela  Research  Laboratory  and  the  Bureau  of 

Standards,  arrangements  were  made  whereby  F.  E.  Cady,  through 

■  -  ■ > 

*  Traas.  I.  E.  S.,  11,  p.  331,  X9z6. 

'  These  authors  state  that  thu  vahxe  should  not  be  given  equal  wdi^t  "with  the  others  because  ooly  one 
lamp  was  measured  at  this  voltage. 
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the  courtesy  of  Dr.  Hyde,  came  to  the  Bureau  and  made  a  number 
of  comparative  measurements  with  the  Bureau's  observers  who 
took  part  in  this  intercomparison. 

Compai^tive  measurements  were  first  made  of  the  ratio  Y/B 
and  of  the  transmission  of  a  glass  screen  (3G)  using  the  flicker 
photometer.  (See  next  section.)  In  these  measurements  the 
B.  S.  observers  checked  their  former  values  to  within  the  errors 
of  observation,  and  hence  their  values  in  this  test  are  not  here 
given.  Following  this  test,  one  of  the  lamps  (No.  2661)  used  in 
establishing  the  voltage-candlepower  curve  for  ttmgsten  lamps 
was  measured  at  106  volts  in  terms  of  its  value  at  70  volts  using 
a  Lummer-Brodhim  photometer.  At  the  latter  voltage  the  color 
of  this  lamp  was  the  same  as  that  of  a  4-wpc  carbon  and  at  the 
upper  voltage  the  color  corresponded  to  that  produced  by  glass 
3B  when  used  with  a  4-wpc  carbon  lamp.  The  comparison  lamp 
was  adjusted  for  color  match  with  No.  2661  at  70  volts,  and  the 
illumination  on  the  photometer  screen  was  adjusted  to  10  meter- 
candles  as  in  all  the  previous  measurements  made  at  the  Bureau 
in  this  intercomparison.  Three  series  of  determinations  of  the  ratio 
of  candlepower  at  the  two  voltages  were  made  by  five  observers, 
including  Mr.  Cady,  and  all  settings  were  made  by  the  contrast 
principle  as  was  done  in  all  the  previous  measurements  at  the 
Bureau.  These  results,  together  with  the  values  previously 
obtained  for  3B  by  these  five  observers  (see  Table  5) ,  each  in  his 
own  laboratory,  are  given  in  Table  10. 

TABLE  10 
Comparison  of  Check  Meftsuremaiits 


ObMnran 

Serteel 

SeclM2 

SeclMS 

BSmu 

Tnni- 
mlMloa 

ol3B. 

fnuB 
Tables 

F.  E.  C 

4.90 
4.85 
4.79 
4.80 
4.80 

4.92 
4.87 
4.84 
4.81 
4.76 

4.91 
4.81 
4.81 
4.73 
4.73 

4.91 
4.8S 
4.81 
4.78 
4.77 

0.547 

G.W.M 

.542 

J.».s 

W.J.K -, 

0.  J.S 

.538 
.534 
.536 

Mean  of  the  tour  B.  S.  observen 

4.81 

4.82 

4.77 

4.80 
4.81 

.537* 

Value  irom  B.  S.  voltuw-candleDOwer  curve 

.538 
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A  comparison  of  the  last  two  columns  shows  that,  for  the 
lamp,  the  percentage  difference  between  the  value  of  Mr.  Cady 
and  the  mean  of  the  B.  S.  observers  is  practically  the  same  as  for 
the  screen,  although  the  latter  was  measm-ed  under  considerably 
different  conditions  of  illimiination  in  the  two  laboratories.  As 
the  color  step  was  the  same  in  each  case,  it  can  be  reasonably 
concluded  from  this  check  that  the  indicated  small  difference 
between  the  two  laboratories  is  real  and  is  due,  at  least  in  a  great 
measure,  if  not  entirely,  to  a  difference  in  the  characteristics  of 
the  two  groups  of  observers.  In  this  connection  it  is  of  interest 
to  note  that  if,  in  either  laboratory,  the  first  half  of  the  observers, 
in  the  order  given  in  Table  5,  be  arbitrarily  taken  as  one  group 
and  the  other  half  as  a  second  group,  the  difference  between  the 
value  by  the  two  groups  in  either  laboratory  is  comparable  with 
the  difference  between  the  laboratories  themselves. 

It  is  obvious,  therefore,  that  all  measm-ements  involving  a 
color  difference  should  be  left  as  much  as  possible  to  the  standard- 
izing laboratory  where  the  observers  should  be  carefully  selected, 
their  relation  to  normal  determined,  and,  if  necessary,  corrections 
made  to  their  observations. 

Vm.  CHARACTERISTICS  OF  THE  BUREAU  OF  STANDARDS* 

OBSERVERS 

In  the  investigation  by  Crittenden  and  Richtmyer,  referred  to 
in  Section  VI,  the  observers  who  took  part,  in  this  intercompari- 
son  determined,  with  the  flicker  photometer,  a  value  for  the  ratio 
of  the  Ives-Kingsbmy  yellow  and  blue  solutions,*  and  also  a  value 
for  the  transmission  of  glass  screen  3G.  These  values,  together 
with  the  values  obtained  with  the  Lummer-Brodhun  photometer 
for  glass  screen  3B  (Table  5,  direct  method) ,  which  had  about  the 
same  color  density  as  3G,  are  given  in  Table  11.  In  this  table  are 
included  also  the  mean  values  by  the  114  observers  used  by 
Crittenden  and  Richtmyer,  the  values  by  Mr.  Cady,  and  those  by 
Dr.  C.  H.  Sharp  and  Dr.  H.  E.  Ives,  who  were  observers  in  their 
respective  laboratories  and  who  visited  the  Btueau  and  made 
their  measurements  dtiring  the  progress  of  the  above  investiga- 
tion by  Crittenden  and  Richtmyer. 

*  Tnns.  I.  £.  S..  10,  p.  003;  19x5. 


304 


Bulletin  of  the  Bureau  of  Standards 


[va.  S3 


TABLB  11 
Data  on  Obserrers 


O.W.M.(B.&) 

J.F.S.(B.a) 

B.M.(B.&) 

H.B.S.(B.8.) 

W«  n*  T •  CBa  8»/  •••••• 

A.H.T.(B.S.) 

O.J.&(B.S.) 

JAttSOM. 

?.B.C.(N.R.L.) 

C»  H*  S*  V^*  X*  lia)  ..... 

H.  B.  L  (U.  O.  I.) 

Avwago  of  114  otMWven 


Ratio 
Y+B 


1.025 

1.103 

1.120 

.822 

.968 

*  Tm* 

1.014 

.998 


1.000 

1.044 

1.058 

.951 

.99 


TransmiaBion 


3G. 

Fllckar 

photometer 


0.540 
.534 
.532 
.559 
.540 
•  346 
.542 
.540 


.542 

.536 
.534 
.542 
.543 


3B. 

Lummer- 

BTodhun 

photometer 


0.542 
.538 

.526 
.552 
.534 
.535 

.535 
.536 


.537 


547 

537 

,540 

534 


X>evlatloii8  from  average 
of  114  observera 


Flicker 
photometer 


-0.003 

-  .009 

-  .011 
+  .016 

-  .003 
+  .005 

-  .001 

-  .003 


-  .001 


-  .007 

-  .009 

-  .001 


Ltunnier- 

Brodhun 

photometer 


+0.008 
+  .004 
-  .008 
+  .018 
.000 
+  .001 
+  .001 
+  .002 


•f  .003 


Difierence 

between 

deviatloni 


+0.011 
+  .013 
+  .003 
+  .002 
+  .003 
-  .004 
+  .002 
+  .005 


+  .004 


+  .013 
+  .003 
+  .006 


+  .020 
+  .OU 
+  .007 


It  is  to  be  noted  that,  although  there  is  considerable  variation 
in  the  ratio  Y/B  among  the  different  individuals  of  the  Bureau's 
group  of  eight  observers,  the  mean  of  all  is  remarkably  close  to  the 
characteristic  ratio  (0.99)  found  by  Crittenden  and  Richtmyer  for 
the  average  of  1 14  observers.  Hence,  as  is  evident  from  the  results 
on  3G,  a  mean  value  obtained  by  this  group  with  a  flicker  pho- 
tometer would  require  practically  no  correction  to  obtain  a  value 
corresponding  to  that  by  the  average  eye. 

A  comparison  of  the  values  on  3B  shows  that  this  group  is  very 
close  to  the  average  of  the  114  observers  also  in  its  results  with  the 
I^ummer-Brodhun  photometer,  although  not  quite  so  close  as  with 
the  flicker.  Whether  this  slightly  greater  variation  arises  from  the 
fact  that  in  the  average  eye  work  of  Crittenden  and  Richtmyer  the 
illumination  was  higher  than  in  this  investigation,  or  that  in  the 
former  the  photometer  was  used  as  an  equality  rather  than  as  a 
contrast  field,  or  (as  is  more  likely)  from  the  greater  imcertainty 
of  the  I/ummer-Brodhim  photometer,  is  difficult  to  say.  However, 
as  is  shown  by  the  differences  between  deviations  and  better  by 
means  of  a  plot  between  values  of  Y/B  and  transmission  (Fig.  2) , 
all  the  individuals  of  this  group  do  not  have,  with  respect  to  the 
average  of  the  114,  the  same  relation  with  the  I/iunmer-Brodhun 
photometer  as  they  do  with  the  flicker,  the  first  two  being  decidedly 
different  by  the  two  methods. 


MiddUkaujgri 
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Now  it  is  found  that  if  these  two  observers  be  omitted  the  mean 
of  the  other  six  with  a  flicker  photometer  is  just  as  close  to  normal 
as  the  whole  group,  their  mean  flicker  values  for  3G  and  Y/B  being 
0.5435  and  0.98,  respectively;  and,  further,  their  mean  Ltunmer- 
Brodhtm  value  for  3B  is  more  nearly  equal  to  the  average  eye 
value  (0.534),  being  0.536  instead  of  0.537,  as  found  by  the  whole 
group.  It  would  appear,  therefore,  that  in  order  to  make  a  com- 
parison of  former  B.  S.  values  with  present  (average  eye)  values, 
as  is  done  below,  there  is  perhaps  some  advantage  in  using  the 
mean  of  this  "selected"  group  of  six. 
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Fio.  2. — This  it  a  plot  of  the  values  given  in  Table  11.  The  ordinates  are  values  cf 
transmission  expressed  as  differences  in  per  cent  from  the  corresponding  average  value 
obtained  by  114  observers,  Lummer-Brodhun  values  by  ihe  eight  B,  S,  observers  are 
represented  by  X*s  and  their  flicker  values  by  o*s.  The  corresponding  values  by  the 
three  observers  from  the  outside  laboratories  are  represented  by  -^-'s  and  ^*s,  respectively. 
The  curve  represents  the  flicker  data  obtained  by  the  114  observers. 

Further  checks  on  the  value  of  3B  from  the  present  investigation 
as  well  as  from  the  investigation  of  Crittenden  and  Richtmyer,  who 
determined  values  for  3G,  which  was  found  to  be  1.6  per  cent 
higher  than  3B,  are  given  in  the  following  table.  Nearly  all  of  the 
20  observers  selected  by  Crittenden  and  Richtmyer  from  the  114 
had  considerable  photometric  experience,  and  they  were  well  dis- 
tributed with  respect  to  the  average  eye  characteristic  as  deter- 
mined with  a  flicker  photometer. 
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TABLE  12 

Comparison  of  Values  by  Different  Methods  and  also  by  Different  Groups  of 

Observers 

L  With  tlie  Lummer-Brodhan  (hutometer: 

A.  As  timiid  in  Crittenden  and  Rlchtmyei*!  inveiticatlon— 

1.  By  114  ebeervera  lelectad  at  nndam  fram  the  Bnretu  ef  Standards  scientific 

stail  (one  set  each) 3B-0.534 

2.  By  20  obeeiven  selected  fram  the  114  (two  sets  each) 3B— 0.536 

3.  By  14  most  consistent  ebseivers  selected  tram  the  20  (two  sets  each) 3B"-0.53a 

B.  As  found  in  this  intefcemparisen— 

1.  By8observefS 3B— 0.537 

2.  By  6  ehseiveis  selected  fram  the  8 3B— 0.536 

IL  With  the  flidcer  pliotometer: 

A.  As  ioand  in  Crittenden  and  Rlditmyei's  investicatlon>- 

1.  By  114  obseivers  (same  as  above) 3B —0.534 

2.  By  20 obseivers  (same  as  above) SB— 0.534 

3.  By  14  observers  ( same  as  above ) 3B  —  0 .  534 

4.  By  8  obseivers  (same  as  above) 3B— 0.533 

5.  By  6  observers  (same  as  above) 3B—0.S34 

B.  As  found  in  this  intercomparison— 

1.  By  U.  O.  I.,  direct  measurement 3B -0.529 

2*  By  oopipiitstlon  from  U*  O*  !•  msasurementa  on  lamps  with  the  Lummer* 
Brodhnn  pliotometer  and  a  Crova  solution  calibrated  by  a  method  involving 

the  flicker  photometer 3B— 0.536 

From  the  above  comparison  it  is  apparent  that  for  the  color 
difference  here  represented  the  group  of  eight,  as  well  as  the  group 
of  six,  is  as  nearly  normal  as  it  is  possible  for  a  small  group  to 
reproduce  average  eye  values  with  the  respective  photometers 
mentioned. 

IX.  CHECK  OF  FORMER  VALUES 

Screen  2>^B  was  chosen  for  this  intercomparison  because  it 
had  approximately  the  same  color  value  as  the  glasses  used  in  the 
intercomparison  with  the  National  Physical  Laboratory.  The 
mean  values  foimd  for  this  screen  by  the  group  of  eight  and  by 
the  group  of  six  were  0.5836  and  0.5828,  respectively.  The  rela- 
tive value  of  2>^B  to  3KC,  which  is  one  of  the  glasses  used  in  the 
B.  S.-N.  P.  L.  intercomparison,  has  been  recently  determined  and 
found  to  be  as  follows : 

3^C«2XB   -f-o.oio 

Therefore,  by  the  group  of  8  observers 3KC«o.  5836-f-o.  oio=a  5936 

And  by  the  group  of  6  observers 3KC— «o.  5828+0. 010^^0.  5928 

Value  used  in  the  B.  S.-N.  P.  L.  intercomparison  in  19x1 o.  5924 

Although  in  the  earUer  measurements  made  by  the  Btu^au  of 
Standards  no  method  of  selection  of  observers  was  employed  and 
the  illumination  used  was  that  employed  in  other  work  done  at 
the  Bureau  and  was  much  lower  than  that  used  in  the  recent 
investigation  of  Crittenden  and  Richtmyer,  nevertheless  it  appears 
from  the  agreement  in  the  above  values  that  the  considerable 
deviations  from  the  mean  of  some  of  the  observers  at  that  time 
were  such  that  the  plus  and  minus  deviations  substantially  coun- 
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terbalanced  each  other,  and  the  figures  then  obtained  by  the 
Bureau  with  the  Lummer-Brodhun  photometer  correspond  closely 
to  those  now  obtained  by  an  average  eye  working  under  the  higher 
illumination  used  by  the  investigators  mentioned.  Of  course,  it 
would  not  be  expected  that  such  deviations  would  all  be  in  one 
direction,  but  that  they  were  averaged  out  so  completely  was  a 
matter  of  good  fortune. 

X.  CONCLUSION 

The  results  of  this  intercomparison  show  quite  conclusively 
that  in  each  laboratory,  regardless  of  the  kind  of  photometer 
used,  even  though  a  considerable  cojor  difference  was  involved, 
each  observer  maintained  a  fairly  constant  criterion  with  respect 
to  the  mean.  The  same  is  true  of  each  laboratory  in  respect  to 
its  relation  to  the  mean  of  all,  as  judged  by  the  measurements  on 
the  glass  screens  and  those  made  on  the  lamps  some  months 
afterward. 

Considering  the  difficulties  involved  in  the  meastirements,  the 
different  characteristics  of  observers  and  the  wide  difference  in 
illumination  employed,  covering  probably  a  range  of  ten  times, 
the  agreement  among  the  laboratories  must  be  considered  remark- 
ably good.  It  is  true,  however,  that  although  the  differences  are 
small  they  are  not  negligible  in  precision  photometry. 

It  is  evident,  therefore,  that  measurements  to  establish  standards 
involving  a  color  difference  should  be  left  as  much  as  possible  to 
the  standardizing  laboratory  where  the  observers  must  be  care- 
fully selected  and  a  considerable  number  employed  and  the  kinds 
of  instruments  and  the  conditions  of  illumination,  etc.,  definitely 
fixed. 

An  examination  of  the  Bureau's  observers  who  took  part  in 
this  work  shows  that  their  mean  characteristic  is  very  approxi- 
mately  the  same  as  that  of  the  **  average  eye,"  as  determined  from 
a  test  of  1 14  observers  taken  at  random  from  the  Bm"eau*s  scien- 
tific staff. 

Further  evidence  is  obtained  as  to  the  accuracy  of  the  values 
assigned  to  a  group  of  1.5-wpc  tungsten  standards  used  in  a 
previous  intercomparison  with  the  National  Physical  Laboratory 
of  England. 

The  authors  express  the  Bm-eau's  appreciation  of  the  coopera- 
tion of  the  laboratories,  and  of  those  who  represented  them,  in 
carrying  out  this  investigation. 

Washington,  January  22,  1916. 
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I.  INTRODUCTION 

Plastic  flow  is  of  importance  in  many  diverse  fields,  such  as 
geophysics,  colloidal  chemistry,  metallurgy,  ceramics,  road  build- 
ing, and  the  lime  and  cement  business.  The  property  of  plas- 
ticity, like  ductility  and  malleability,  is  not  at  present  strictly 
definable,  although  the  term  is  much  more  famiUar  than  the 
strictly  defined  terms  ** viscosity  "  and  "fluidity." 

In  the  study  of  plastic  flow  it  has  already  been  shown  that  most 

homogeneous  solids  will  flow  somewhat  after  the  manner  of  liquids, 

if  subjected  to  sufficient  pressure.    Copper,  steel,  lead,  ice,  menthol, 

glass,  and  asphalt  fall  in  this  class  in  so  far  as  they  may  be  regarded 

as  homogeneous  solids.    But  ordinarily  plastic  substances  are  not 

homogeneous  solids  but  suspensions  of  finely  divided  solids  in 

fluids,  such  as  paint  in  oil,  lime  in  water,  and  especially  clay  in 

water.    Numerous  papers  have  been  devoted  to  the  explanation 

of  this  latter  tjrpe  of  plasticity. 
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Since  glass  and  other  similar  bodies  are  often  regarded  not  as 
solids  but  as  very  viscous  liquids,  the  demarcation  of  viscous  flow 
from  plastic  flow  has  not  been  sharply  made.  In  fact,  attempts 
have  been  made  to  give  numerical  values  to  the  viscosity  of  ice, 
menthol,  glass,  and  pitch,  and  Tammann*  defines  plasticity  in  a 
perfectly  definite  manner  as  the  reciprocal  of  viscosity — ^in  other 
words,  plasticity  and  fluidity  are  synon3anous. 

Unfortunately,  for  the  sake  of  simplicity,  this  definition  is  clearly 
untenable.  If  any  finely  divided  solid,  such  as  clay,  be  suspended 
in  a  liquid,  the  fluidity  is  lowered  rapidly  and  in  a  perfectly  linear 
manner,  so  that  at  a  comparatively  low  concentration  of  clay  the 
fluidity,  as  measured  in  the  ordinary  viscometer,  approaches  zero. 
Thus  Durham  and  Bingham  *  found  that  a  certain  clay  suspended 
in  water  gave  a  zero  fluidity  when  the  volume  percentage  had 
reached  6.95  (14.6  per  cent  by  weight),  this  being  independent  of 
the  temperature.  This  concentration  apparently  serves  to  sharply 
demarcate  plastic  from  viscous  flow.  Suspensions  more  dilute 
than  this  critical  concentration  are  subject  to  viscous  flow,  while 
those  containing  more  solid  in  suspension  are  plastic. 

These  results  are  in  harmony  with  the  views  of  Maxwell,'  which 
are  so  important  that  we  quote  them  at  length : 

If  the  form  of  the  body  is  found  to  be  permanently  altered  when  the  stress  exceeds 
a  certain  value,  the  body  is  said  to  be  soft  or  plastic  and  the  state  of  the  body  when  the 
alteration  is  just  going  to  take  place  is  called  the  limit  of  perfect  elasticity.  If  the 
stress,  when  it  is  maintained  constant,  causes  a  strain  or  displacement  in  the  body 
which  increases  continually  with  the  time,  the  substance  is  said  to  be  viscous.  When 
this  continuous  alteration  of  form  is  only  produced  by  stresses  exceeding  a  certain 
value ,  the  substance  is  called  a  solid ,  however  soft  it  may  be .  When  the  very  smallest 
stress,  if  continued  long  enough,  will  cause  a  constantly  increasing  change  of  form,  the 
body  must  be  regarded  as  a  viscous  fluid,  however  hard  it  may  be. 

Thus  a  tallow  candle  is  much  softer  than  a  stick  of  sealing  wax;  but  if  the  candle 
and  the  stick  of  sealing  wax  are  laid  horizontally  between  two  supports,  the  sealing 
wax  will  in  a  few  weeks  in  summer  bend  with  its  own  weight,  while  the  candle  remains 
straight.  The  candle  is  therefore  a  soft  (or  plastic)  solid,  and  the  sealing  wax  a  very 
viscous  fluid. 

What  is  required  to  alter  the  form  of  a  soft  solid  is  suflicient  force,  and  this,  when 
applied,  produces  its  effect  at  once.  In  the  case  of  a  viscous  fluid  it  is  time  which  is 
required,  and  if  enough  time  is  given  the  very  smallest  force  will  produce  a  sensible 
effect,  such  as  would  be  produced  by  a  very  large  force  if  suddenly  applied. 

Thus  a  block  of  pitch  may  be  so  hard  that  you  can  not  make  a  dint  in  it  with  your 
knuckles;  and  yet  it  will,  in  the  course  of  time,  flatten  itself  out  by  its  own  weight 
and  glide  down  hill  like  a  stream  of  water. 

The  italics  and  parenthesis  are  ours. 

The  experiments  of  Bingham  and  Durham  *  support  the  defini- 
tion by  Maxwell  that  a  plastic  body  is  one  in  which  the  form  of 

.,1  Ann,  der  PhyS.,  7,  p.  298;  190a,  >  Am.  Chan.  Jour.,  46,  p.  278;  xpxz.  *  Theory  of  Heat. 
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the  body  is  found  to  be  permanently  altered  when  the  stress 
exceeds  a  certain  value.  These  experiments  indicate  that  the 
demarcation  between  the  two  r^^mes  is  very  sharp,  but  they  do 
not  give  any  clue  in  r^ard  to  the  laws  of  plastic  flow,  which  must 
be  known  before  a  rational  basis  can  be  obtained  for  the  quanti- 
tative measurement  of  plasticity. 

U.  EXPEKIMEITTAL 
t.  DBSCRIPTIOR  OF  APPARATUS 

The  essential  part  of  the  apparatus  used  for  the  study  of  plastic 
flow  is  shown  in  Fig.  i .  Pressure  is  admitted  at  F  &om  an  air  res- 
ervoir connected  with  a  water  manometer.  The 
chamber  D,  2  cm  in  diameter  and  4.4  cm  deep, 
contains  the  plastic  substance  to  be  forced  through 
■the  glass  capillary  A ,  cemented  into  the  brass  cap 
B,  this  last  being  screwed  tightiy  into  the  main 
part,  using  a  lead  gasket.  The  receiver  K  is  held 
in  place  by  a  rubber  collar  C  during  the  flow,  but 
after  the  efflux  the  apparatus  is  removed  from  the 
constant -temperature  bath  in  which  it  is  im- 
mersed, the  receiver  closed  with  a  rubber  stopper, 
and  weighed.  At  M  there  is  a  connection  for 
rubber  tubing  leading  out  of  the  bath  in  order 
to  keep  the  space  in  the  receiver  at  atmospheric 
pressure. 

On  exposure  to  ordinary  air  the  materials  used 
were  liable  to  changes  in  concentration  due  to 
evaporation,  hence  it  was  necessary  to  work  in 
an  atmosphere  saturated  with  water  vapor,  using 
a  chamber  whose  walls  were  kept  moistened. 
The  material  was  made  up  by  weight  in  a  gl^ss- 
stoppered  weighing  bottle  and  then  thoroughly 
shaken  until  the  mass  was  uniform.  Experi- 
ments were  made  to  determine  whether  any 
change  in  the  rate  of  flow  would  result  from  al-  f,o  i,—The  bil- 
lowing the  material  to  stand  for  several  hours 
after  being  prepared,  but  no  change  was  observed. 

The  possibility  of  the  material  changing  its 
concentration  on  account  of  settling  could  only  be  coimteracted 
by  shaking  the  material  in  the  apparatus  immediately  before  a 
determination;  but  with  materials  which  settie  out  rapidly,  even 


comeUr  used  for 
■vtty  viicout  or 
plaitic  materials 
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with  this  precaution,  a  difficulty  arises  from  the  solid  material 

which  packs  into  the  mouth  of  the  capillary.    This  difficulty  was 

obviated  by  allowing  a  small  amount  of  material  to  flow  through 
the  capillary  into  an  extra  receiver  just  before  attaching  the 

weighed  receiver. 

Since  plastic  materials  take  the  temperature  of  the  bath  slowly, 
on  account  of  the  absence  of  convection  currents,  a  considerable 
time  was  allowed  for  the  equilibritmi  to  be  reached.  Most  of  the 
experiments  were  carried  out  at  25^  C,  which  was  as  near  as  prac- 
ticable to  the  room  temperature. 

To  determine  whether  there  was  noticeable  separation  of  the 
components  in  the  process  of  flow  the  material  which  had  passed 
through  the  capillary  was  evaporated  to  dryness  and  weighed, 
but  the  separation  was  only  noticeable  when  the  rate  of  flow  was 
very  small  (cf.  Table  15). 

The  principal  material  used  for  this  investigation  was  English 
china  clay  from  St.  Austell,  Cornwall,  England.  Nearly  all  of  it 
passed  through  a  200-mesh  sieve.  It  was  then  put  through  the 
air  analyzer  devised  by  Pearson  and  Sligh,  of  the  Bureau  of 
Standards  (Technologic  Paper  No.  48),  using  a  o.ooi-inch  nozzle 
and  45  g  per  square  centimeter  air  pressure.  As  a  result  92  per 
cent  of  the  material  was  obtained  as  an  impalpable  powder, 
which  under  the  microscope  seemed  to  consist  of  particles,  of 
fairly  uniform  size,  being  rotmded  in  shape  and,  very  roughly, 
0.002  mm  diameter.  Perhaps  i  per  cent  of  the  particles  had  a 
diameter  ranging  as  high  as  0.005  mm. 

2.  bxperubhtal  results 

The  dimensions  of  the  six  capillaries  used  are  given  in  Table  i . 
A  Zeiss  standard  millimeter  was  calibrated  against  a  known 
standard  belonging  to  the  Bureau  of  Standards.  The  Zeiss 
standard  millimeter  was  used  to  calibrate  the  Zeiss  micrometer 
eyepiece  No,  723.  The  ends  of  the  capillaries  were  ground  to  a 
plane  surface  so  that  it  was  easy  to  obtain  a  good  setting.  The 
values  given  are  in  all  cases  the  average  of  several  readings. 
From  these  values  the  average  radius,  given  in  the  next  to  the 
last  column,  was  calculated  by  the  known  formulas. 
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Dimmsioiis  of  Capillaries  Used 


TlM  filoM  flf  Om  ndliiB  in  ceuUin<tof  at  the  two  ends  (L  tad  R)  In  the  major  and 

tiiiif^y  axoa 

Ho. 

Lmajnr 

Lnilnor 

Rmajor 

Rmlnor 

Averago 
ndinaafai 

at  20* 

Length  In 
at  20* 

1 

2 

3 

6.1 

6.2 

6.3 

a  02974 
.02977 
.02953 
.06054 
.06020 
.06175 

a  02736 
.02714 
.02701 
.05574 
.05609 
.05631 

a02965 
.02974 
.02949 
.05954 
.06057 
.06090 

a  02736 
.02707 
.02721 
.05590 
.05593 
.05563 

a02848 
.02846 
.02826 
.05785 
.05811 
.05850 

2.468 

L2195 

4.412 

5.011 

2.509 

9.998 

•  Average  ladina  calnilated  aooording  to  formula,  cf.  Zeitadir.  /.  pfaysik.  CSicm.,  80  p.  683;  X9x«. 

In  the  following  tables  all  of  the  measurements  obtained  are 
given,  numbered  in  chronological  order,  but  arranged  here  in  the 
order  of  increasing  pressure.  In  the  second  column  is  given  the 
time,  t,  of  outflow  in  seconds,  in  the  third  column  the  pressure, 
P,  in  grams  per  square  centimeter,  corrected,. except  for  kinetic 
energy  and  the  hydrostatic  head  within  the  instrument.  The 
kinetic  energy  correction  is  given  in  the  seventh  qolumn.  Ex- 
periments were  made  to  determine  the  value  of  the  hydrostatic 
head  by  varying  the  amount  of  material  within  the  instrument 
when  the  flow  began.  For  since  the  materials  used  have  infinite 
viscosity  as  ordinarily  measured  and  because  in  the  course  of  the 
flow  the  material  does  not  preserve  anything  like  a  horizontal  sur- 
face, it  is  not  evident  a  priori  what  the  correction  in  question 
should  be;  in  fact,  whether  it  should  be  positive  or  negative.  Ex- 
periment, however,  failed  to  give  any  clear  indication,  hence  it 
seemed  best  to  neglect  this  correction  altogether  for  the  present. 
This  correction  could  have  been  made  small  by  using  only  relatively 
large  pressures,  but  in  this  preliminary  research  it  seemed  best  to 
use  a  wide  range  of  pressures  in  order  to  discover  disturbing  con- 
ditions and  thereby  the  best  conditions  for  future  work. 

The  densities  of  the  suspensions,  p,  were  calculated  from  the 
density  of  water  and  the  density  of  the  clay,  which  was  determined 
to  be  2.613  at  25®  C.  To  obtain  this  density  a  50  ml  flask  was  filled 
with  clay  and  weighed.  Carbon  tetrachloride  was  added,  heated 
to  boiling  until  the  air  was  expelled,  cooled  to  25°  C,  and  weighed 
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TABLE  2 

Experiments  with  Capillaij  No.  1,  at  25"*  C,  with  50  Per  Cent  Clay  hj  Wei^t  or  27.62 
Per  Cent  hj  Volume  (pa-1.443y  Using  Pure  Water;  Friction  CenstantsTS) 


No. 

t 

P 

WL 

VoLpw 

MCXIO* 

C(P-l)t 

xio» 

C'p/tX10» 

M« 

13 

60a2 

8ai 

2.119 

2.45 

88 

0 

11.42 

18 

3oao 

101.4 

1.938 

4.47 

537 

0 

1.86 

14 

30a2 

101.8 

2.166 

5.00 

489 

0 

2.04 

15 

300.3 

102.3 

2.126 

4.91 

509 

0 

1.97 

16 

36ao 

102.9 

2.307 

4.21 

607 

0 

1.65 

17 

126.0 

103.3 

a  818 

4.50 

578 

0 

1.73 

20 

3oai 

126.8 

2.395 

5.53 

90S 

0 

1.10 

19 

30a2 

128.6 

2.660 

6.14 

846 

0 

1.18 

2 

18a  0 

154.6 

2.353 

9.05 

868 

0 

1.15 

1 

18a  1 

156.5 

2.326 

8.95 

900 

0 

1.11 

7 

2oao 

178.1 

3.412 

11.82 

864 

0 

1.16 

[3 

18a  0 

191.0 

2.383 

9.17 

1264 

0 

0.791 

8 

i8a3 

206.1 

3.738 

14.37 

915 

0 

1.09 

9 

192.3 

206.8 

4.299 

15.49 

853 

0 

1.17 

11 

180.2 

234.7 

5.194 

19.97 

805 

0 

1.24 

10 

106.7 

235.2 

2.770 

17.66 

576 

0 

1.74 

4 

180.1 

270.9 

6.040 

23.23 

852 

1 

1.18 

5 

102.0 

288.0 

3.228 

43.84 

491 

1 

2.04 

12 

99.6 

294.3 

6.029 

41.94 

529 

1 

1.89 

6 

103.2 

295.3 

6.684 

44.87 

497 

1 

2.02 

Avsngo  iii0l>lttt7  |pr  medlcm  pratmrM,  1.17. 
Avetage  moMltty  deviaUon  from  mem,  0.04. 

•  The  definition  of  the  "  mobility."  whidi  we  represent  by  m.  will  ai>pear  later,  cf .  p.  336  et  seq.    The  siv 
nificance  of  the  constants  C  tmd  C  are  also  given  on  p.  336.    The  friction  constant  /  is  discussed  on  pp.  331 

and  335- 

TABLE  3 

Experiments  with  Capillary  No.  2,  at  25''  C,  with  50  Per  Cent  Clay  by  Weight  or  27.62 
Per  Cent  by  Volume  (p»1.443,  Using  Pure  Water;  Friction  Constant»78) 


No. 

t 

P 

Wt. 

Vol.  per 

8ec.xi0> 

C(P-f)t 
X10« 

C'p/tXl0» 

M 

29 

2100.2 

78ao 

600.2 
399.0 
30a3 
200.0 

40.9 
41.8 
50.6 
70.0 
79.9 
84.7 

1.056 
3.055 
2.126 
2.410 
2.129 
1.837 

a  3 

2.71 
2.45 
4.18 
4.91 
6.36 

^ 

36 

28 

27 

24 

80 
217 

25 

23 

28ao 

90.7 

2.943 

7.21 

364 

0 

2.75 

26 

231.4 

91.8 

2.442 

7.31 

390 

0 

2.57 

22 

240.2 

99.9 

3.786 

ia92 

415 

0 

2.41 

21 

190.0 

107.0 

4.474 

16.32 

368 

1 

2.72 

30 

180.1 

108.6 

3.794 

14.60 

423 

1 

2.37 

31 

180.2 

118.1 

4.200 

16.15 

514 

1 

1.9S 

33 

98.3 

127.4 

3.406 

24.00 

426 

1 

2.35 

32 

9ao 

140.4 

4.154 

31.98 

404 

2 

2.49 

34 

88.3 

150.8 

5.012 

39.32 

383 

2 

2.62 

35 

90.0 

157.8 

5.426 

41.77 

386 

2 

2.60 

Avtrage  mohiUty  ftir  medium  proastues,  2.48. 
Avenge  mobility  deviation  from  mean,  0.17. 
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TABIB4 

Ezperiawnts  witii  Capilkiy  No.  3,  at  25''  C,  with  SO  Per  Cent  Clay  by  Weight  or  27.62 
Per  Cent  by  Veliime  (p>«  1.443,  Using  Pure  Water;  Friction  Constant»78) 


No. 

t 

p 

Wt 

VoLpw 

sec.  X 10* 

C(P-f)t 

xio» 

C'p/tX10» 

M 

46 

720.0 

10s.  4 

3.094 

2.98 

511 

0 

1.96 

45 

36a2 

1317 

2.246 

4.32 

743 

0 

1.34 

38 

36ao 

1S&6 

1.994 

3.84 

1168 

•    0 

.88 

41 

86S.2 

19a  2 

7.570 

6.06 

1020 

0 

.98 

42 

39&3 

234.7 

3.858 

6.71 

1298 

0 

.77 

43 

doao 

23&4 

4.168 

9.62 

916 

0 

L09 

44 

200.0 

241.3 

3.281 

11.36 

800 

0 

1.25 

39 

3oao 

280.9 

4.739 

ia94 

1031 

0 

.97 

40 

33ao 

297.7 

4.938 

ia37 

1178 

0 

.85 

Kyvatp  moMUty  ftir  OMdiam 
ATBfac6  notaUMy  dsvlaltoii  Imii 


1.02. 
0.16. 


TABLE  5 


Experiments  witii  Capillary  No.  6.1,  at  25''  C,  with  50  Per  Cent  Clay  by  Weight  or  27.62 
Per  Cent  by  Volume  (p=  1.443,  Using  Pure  Water;  Friction  Constant**78) 


No. 

t 

P 

Wt 

Vol.  per 
MCXIO* 

C(P-l)t 

xio* 

CVAXlOi 

#» 

60 

18a  2 

99.6 

4.764 

18.32 

1012 

0 

099 

61 

18a  3 

100.3 

4.690 

18.05 

1088 

0 

.92 

47 

18a  1 

119.5 

5.566 

21.41 

1668 

0 

.60 

53 

9ao 

149.2 

1502 

42.36 

1445 

0 

.69 

54 

i2a2 

isa6 

7.180     . 

41.38 

1508 

0 

.66 

48 

129.6 

154.4 

1192 

27.76 

2369 

0 

.42 

51 

77.4 

17L6 

9.038 

8a  85 

996 

1.00 

52 

87.6 

172.3 

9.943 

78.67 

1028 

.97 

58 

8a4 

174.6 

7.826 

67.44 

1232 

.81 

57 

165.0 

175.0 

8.591 

36.07 

2306 

.43 

56 

156.5 

194.7 

11473 

68.56 

1463 

.68 

55 

106.5 

199.3 

13.896 

90.34 

1154 

.87 

50 

88.0 

206.4 

8.772 

69.07 

1587 

.63 

49 

20.0 

211.3 

2.383 

82.52 

1389 

.72 

159 

48.0 

236.0 

11258 

220.2 

617 

3 

1.63] 

62 

114.6 

26a  9 

14.41 

87.09 

1807 

1 

.55 

Avtnco  mobUtty,  0.73. 
Avuifo  noMUty  diovlatlon  Imii 


0.16. 


Bingham  and  Durham  have  fotmd  that  acids  and  alkalies  have 
very  great  effect  upon  the  rate  of  flow  of  suspensions.  To  deter- 
mine whether  or  not  alkalies  from  the  glass  or  carbonic  acid  from 
the  air  affects  the  constancy  of  these  determinations,  suspensions 
were  made  up  in  a  one-tenth  per  cent  solution  of  potassium 
carbonate. 

60239**— 16 ^10 
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TABLE  6 

Bxperiments  with  Capilkiy  No.  6.1,  at  25""  C,  with  SO  Per  Cent  Clay  hj  Weight  or  27.62 
Per  Cent  hj  Volume  (p»:1.443y  Using  0.1  Per  Cent  Solution  of  Potaasium  Carbo- 
nate; Friction  Constant»5iE).5) 


No. 

t 

P 

WL 

VoLper 

MCXIO* 

C(P-Ot 
XIO" 

CV/tXlO" 

M 

67 

299.7 
206.5 

• 

49l9 

6ao 

9.59 
11.50 

22.18 
38.57 

66 

68 
65 
69 
64 
70 
63 

105.3 
57.4 
36.0 
33.8 
27.4 
22.7 

79.7 
101.4 
124.0 
148.1 
158.6 

2oao 

11.55 
14.41 
12.69 
19.49 
15.17 
18.37 

76l01 
173.9 
244.3 
399.5 

363.5 

560.7 

229 

261 
227 
191 
222 
215 

1 
2 
3 
5 
5 
7 

4.39 
3.87 
4.47 
5.42 
4.60 
4.82 

Avang»  moUUty  Iw  medium  praMuxM,  4.60. 
Avtnge  moMlily  devtatttn  from  nitttiii  0.35. 

The  mobility  is  much  greater  with  a  trace  of  alkali  present. 
The  effect  is  very  marked  even  when  shaking  the  material  up  with 
the  solution,  being  evidently  "thinner." 

TABLB  7 

B:^periments  witii  Capillaiy  No.  6.3,  at  25""  C,  with  50  Per  Cent  Clay  hj  Weight  or  27.6 
Per  Cent  hj  Volume  (piBl.443y  Using  0.1  Per  Cent  Solution  of  Potassium  Carbo- 
nate; Friction  Constant«59.5) 


No. 

■    t 

P 

Wt 

Vol.  per 
iOCXlO* 

C(P-f)t 

xio» 

C'pAXIO* 

#( 

83 

27a9 

8&8 

1128 

41.5 

253 

0 

196 

71 

12a  2 

117.4 

1145 

77.5 

SS7 

1 

2.98 

72 

88.9 

147.6 

14.20 

1118 

358 

1 

2.80 

79 

78.2 

1618 

1191 

141.0 

834 

1 

101 

76 

6a6 

175.3 

14.87 

170.0 

307 

1 

127 

81 

48.7 

1817 

1174 

2312 

239 

1 

4.21 

75 

5L2 

195.6 

1123 

2011 

298 

1 

137 

74 

44.9 

197.1 

17.26 

2613 

233 

2 

4.32 

73 

4L0 

1912 

1176 

283.2 

221 

2 

4.57 

80 

37.3 

211.7 

1134 

SOS.  5 

226 

2 

4.46 

77 

32.8 

2317 

1106 

339.5 

238 

2 

4.24 

78 

23.3 

262.1 

1177 

4618 

195 

3 

121. 

82 

22.4 

264.4 

1188 

429.2 

215 

3 

4,71 

Avenge  xnobOtty  lor  medfam 
Aveni^  mobiUty  deviation  from 


137. 
0.41. 


These  values  are  irregular,   but  particularly 
pressures. 
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TABLE  8 

Eiperiments  with  Capillary  No.  6.2,  at  25^  C,  with  50  Per  Cent  Clay  by  Wei^t  or  27.62 
Per  Cent  by  Volume  (p»  1.443,  Using  0.1  Per  Cent  Solution  of  Potassium  Carbo- 
nate; Friction  Con8tants59.5) 


No. 

t 

P 

Wt 

Vol.  per 
•OCX  10* 

C(P-f)t 

xio» 

c'pytxio* 

/» 

88 

190.7 
73.5 
55.9 
30.4 

33.5 
5a4 
59.9 
68.5 

12.10 

17.54 

•     14.20 

ia63 

87 

86 

85 

242 

63 

6 

17.7 

84 
89 

24.8 
16.8 

80.2 
117.0 

ia32 
14.20 

288 
585 

125 

172 

7 
15 

8.47 
6.38 

Avenge  mobility  lor  medhim 
Avenge  BoMUty  devlatisii  froni 


7.42. 
1.04. 


TABLE  9 


Ej^eriments  with  Capillary  No.  6.2,  at  25^  C,  witii  60  Per  Cent  Clay  by  Weight  or  36.40 
Per  Cent  by  Volume  (p=s  1.585,  Using  0.1  Per  Cent  Solution  of  Potassium  Carbo- 
nate; Friction  CQnstant«119) 


No. 

t 

P 

WL 

Vol  per 

•ecxlO* 

C(P-l)t 

xio» 

C'pAXIO* 

M 

100 

18a  2 

400.0 

118.3 
136.8 

3.378 
5.245 

1L8 
8.3 

96 

94 
95 
93 
92 
91 
96 
97 
99 

299.7 
245.1 
18a  2 
182.1 
209.8 
18a  2 

i9ai 

132.6 

155.3 
174.1 
200.2 
234.5 
263.8 
268.8 
296.3 
298.4 

4.223 
4.993 
4.848 
7.128 

iao3 

9.236 

8.271 
7.374 

8.9 
12.8 
17.0 
24.7 
30.2 
32.3 
27.45 
35.1 

7131 
7495 
8368 

8184 
8396 
8101 
11296 
8945 

0 
0 
0 

a  140 

.133 
.120 
.122 
.119 
.124 
.068 
.112 

Averege  neblUty  lor  medium  preetnree,  0.119. 
Avenge  mebllttj  devlilleii  from  meen.  aio. 

TABLE  10 

Experiments  witii  CapiUaiy  No.  6.2,  at  IS""  C,  with  70  Per  Cent  Clay  by  Weight  or  47.10 
Per  Cent  by  Volume  (p«1.758y  Using  0.1  Per  Cent  Solution  of  Potassium  Carbo- 
nate; Friction  Constanta^?) 


He. 

t 

P 

Wt. 

102 

101 

2730 
670 

272.6 
302.0 

a794 
.738 

The  viscosity  of  a  suspension  consieting  of  25  per  cent  clay  by 
weight  or  11.28  per  cent  by  volume,  p— 1.179,  using  o.i  per  cent 
of  potassium  carbonate  was  determined  in  a  horizontal  tube  vis- 
cometer to  be  0.0190,  at  25®  C,  which  corresponds  to  a  fluidity  of 
52.7. 
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TABLE  11 


Experiment  with  Capillaij  No.  1,  et  25""  C,  with  47  Per  Cent  Clay  hj  Wei^t  or  2SM 
Per  Cent  by  Volume  (p^  1.405,  Using  0.1  Per  Cent  Solution  of  Potassium  Carbo- 
nate; Friction  Constant a40) 


No. 

t 

P 

Wt 

VoLper 

86CX10* 

C(P-f)t 

xio» 

C'p/tX10» 

M 

112 

229.8 

43.3 

5.114 

111 
110 
113 
105 
106 
107 
109 
106 

200.0 

179.8 

150.0 

139.8 

73.9 

86.0 

59.8 

63.6 

57.7 

70.3 

94.1 

95.2 

142.4 

199.5 

230.1 

248.0 

3.682 
6.052 
8.321 
9.144 
7.883 
14.80 
13.74 
17.26 

13.1   . 

23.9 

39.5 

46.5 

75.9 
122.0 
163.5 
193.1 

138 
130 
141 
122 
138 
134 
119 
111 

0 

1 
1 
1 
2 
3 
4 
5 

7.24 
7.73 
7.11 
&30 
7.33 
7.64 
6.12 
9.48 

Average  mobility  lor  medium  preesures,  7.35. 
Average  mobility  deviation  from  mean,  0.46. 

TABLE  12 

Experiments  with  Capillary  No.  1,  at  40''  C,  with  50  Per  Cent  Clay  by  Weight  or  27.62 
Per  Cent  by  Volume  (p»1.438y  Using  0.1  Per  Cent  Solution  of  Potassium  Carbo- 
nate; Friction  Constant=>59.5) 


No. 

t 

P 

Wt 

Vol.per 

secxiO* 

C(P-f)t 

xio» 

CVAXIO* 

M 

114 

240.0 

106.8 

11.69 

33.8 

143 

2 

7.06 

lis 

119.4 

14a  0 

12.78 

75.6 

122 

5 

8.54 

116 

112.2 

202.1 

15.73 

97.4 

150 

6 

6.95 

119 

102.5 

207.9 

15.40 

104.4 

146 

7 

7.19 

117 

66.0 

247.8 

14.94 

157.3 

123 

10 

8.89 

118 

5ai 

28a  4 

12.81 

177.8 

128 

12 

8.63 

Average  mobility,  7.88. 
Average  mobility  deviation  from 


0.81. 


TABLE  13 


Experiments  with  Capillary  No.  1»  at  25""  C,  with  50  Per  Cent  Clay  by  Weight  or  27.62 
Per  Cent  by  Volume  (p= 1.443,  Using  0.1  Per  Cent  Solution  of  Potassium  Carbo- 
nate; Friction  CQnstant=59.5) 


No. 

t 

P 

Wt 

VoLper 
iecXlO* 

C(P-f)t 

xio» 

C'pAXlOi 

M 

125 

309.7 

89L62 

9.932 

• 

22.2 

139 

1 

7.22 

124 
120 
126 
127 

259.4 
241.6 
171.2 
147.8 

127.6 
156.0 
17a  9 
188.5 

13.75 
17.27 
14.13 
14.20 

36.7 
49.8 
57.2 
66.6 

190 
199 
200 
199 

1 
1 
2 
2 

5.28 
5.06 
5.04 
5.07 

121 
123 
122 

132.3 
84.6 
78.6 

202.3 
249.0 
287.2 

16.62 
14.22 
14.84 

87.0 
116.1 
130.8 

168 
167 
168 

2 
3 
3 

6.02 
6.06 
6.05 

Avenge  mobility  lor  medium  preaeorea,  5.1L 
Average  mobility  deviation  from  mean.  0.06. 
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in.  TYPES  OF  VISCOUS  AND  PLASTIC  FLOW 

Case  i  .  Viscous  Fix)w — Homogeneous  Fi^uids. — If  two  hori- 
zontal planes  at  unit  distance  apart  are  acted  upon  in  opposite 
directions  by  a  imit  tangential  force  per  unit  area,  the  velocity  of 
one  plane  in  respect  to  the  other  is  a  measure  of  the  fluidity  of 
the  substance  filling  the  space  between  the  planes.  Viscosity  (i;) 
is  the  reciprocal  of  the  fluidity  {(p).  In  general,  if  dr  is  the  dis- 
tance between  two  planes  acted  upon  by  the  tangential  force  P, 
the  displacement  produced  per  unit  of  time  is 

dv  =  <pPc{r (i) 

In  order  to  deduce  a  formula  which  will  permit  of  the  experi- 
mental determination  of  viscosity,  several  assumptions  must  be 
made;  they  are  as  follows: 

1.  It  is  generally  assumed  that  where  two  substances,  or  two 
phases  of  the  same  substance,  come  in  contact,  the  velocity  of  both 
is  identical  at  their  surface  of  separation,  i.  e.,  there  is  no  **  slipping." 

■ 

2.  Each  stratum  of  the  fluid  must  move  solely  in  the  direction 
of  the  shearing  force,  i.  e.,  there  must  be  stream  line  motion  only. 
Otherwise  a  correction  must  be  made  for  the  kinetic  energy 
improperly  lost. 

3.  It  is  assumed  that  the  resistance  to  flow  varies  directly  as  the 
rate  of  shear,  and  becomes  zero  when  the  shear  is  zero. 

4.  It  is  further  assumed  that  the  resistance  is  directly  propor- 
tional to  the  area  of  surface,  but  independent  of  the  curvature  of 
the  surface. 

With  these  assumptions  the  viscosity  formula  for  a  straight 
capillary  tube,  squarely  cut  off  at  the  ends  and  having  a  bore  which 
is  a  true  circular  cylinder,  is 

Trgr^Pt             mpV  ,    . 

-= (la) 


'     8F(/  +  X)       87r^(/-hX) 

where  Y  is  the  volume  of  flow  in  cubic  centimeters,  /  the  length, 
and  Y  the  radius  of  the  capillary  in  centimeters,  t  the  time  in 
seconds,  P  the  average  difference  in  pressure  in  grams  per  square 
centimeter  at  the  two  ends  of  the  capillary,  g  is  the  gravity  con- 
stant, wi  is  a  constant  equal  to  1.12  according  to  Boussinesq,*  X  is 
a  correction  to  be  made  to  the  length  of  the  capillary  because  of 
the  stream  line  motion  not  becoming  established  at  the  entrance 

^  Compt.  rend.,  110,  pp.  yte,  1238  (1890);  118,  x>p.  9. 49  (1891). 
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PRUSDRE 
Fig.  3. — Typical  diagram  of  v 
cous  fiow.      This  is  in  marked 
contrast    leiUi    the   diasrams  of 
plastic flo-w.  Figs.  8  and  p. 


and  is  negligible  when  the  length  of  the  capillary  is  many  times  the 
diameter.  This  formula  gives  the  viscosity  (ij)  in  c.  g.  s.  units. 
It  is  thus  a  fundamental  character- 
istic of  viscous  flow  that,  so  long  as 
the  pressure  is  small,  the  volume  of 
the  flow  varies  directly  as  the  pres- 
sure. Or  expressed  graphically,  the 
volume  of  flow  plotted  against  the 
pressure  will  give  a  family  of  straight 
lines  proceeding  from  the  origin,  Fig. 
2,  irrespective  of  the  substance  or  the 
method  of  measurement. 

Case  2.  Viscosities  additive — 
Emulsions. — If  the  fluid  is  not  identi- 
cal throughout,  the  viscosity  may  yet  be  calculated  in  special 
cases.     Take  first  the  case  of  a  series  of  vertical  lamellae  arranged 

alternately,  as  in  Fig.  3,  and  »  „ 

subjected  to  a  horizontal  / 

shearing  stress.     Forconven-  ^ 

ience  suppose  that   the   la-  / 

mellae  of  the  one  substance  / 

A   all  have  thp  same  thick-  /■ 

ness  Ji  and  that  the  lamellae  / 

of  the  substance  B  have  the  ' 

uniform    thickness     f,,    etc. 

Let  the  viscosities  of  the  sub-  ^"^-  3— ^'"»'»«  ^cosiUes 

stances  be  ij,,  -^2,  ■  .  .  and  the  shearing  forces  per  unit  area 
pi,  P2, .  ■  ■  respectively,  then  if  ^  is  the  distance  between  the  hori- 
zontal planes,  the  velocity  of  the  moving  surface  is 

^         Vi         Vt 
where  H  is  the  viscosity  of  the  mixture,  and  P  is  the  average 
shearing  force  over  the  whole  distance  5.     But 

PS=p^s,+p,s^+     .... 
hence 

R/PlSt+ptS^+    .    .   .\ 


-K^^ 


But  since  ^  is  the  fraction  by  volume  of  the  substance  A  present  in 

the  mixture  which  we  may  designate  a.  and  similarly  sJS  -6,  etc., 

H-anx  +  brtt+ (2) 
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This  case  is  of  particular  interest  in  connection  with  emulsions. 
The  formula  tells  us  that  the  viscosity  of  the  mixture  is  the  sum 
■of  the  partial  viscosities  of  the  components,  provided  that  the 
drops  of  the  emulsion  completely  fill  the  capillary  space  through 
which  the  flow  is  taking  place. 

Casb  3.  Fluid  Mixtures — Fluidities  Additive. — If  the  la- 
mellae are  arranged  parallel  to  the  direction  of  shear,  as  shown  in 
Fig.  4,  we  have  a  constant  shearing  stress,  so  that 


(3) 


where  v„  u,,  .  .  .  are  the 
partial  velocities  as  indicated 
in  the  figure. 

There  are  two  different 
ways  of  defining  the  viscosity 
of  a  mixture,  and  it  becomes 
necessary  for  us  to  adopt  one 
of  these  before  we  proceed: 

1 .  If  we  measure  viscosity 
with  a  viscometer  of  the 
Coulomb,  or  disk,  type,  we 
actually  measure  the  velocity 

V,  BS  in  the  figure,  and  we     . 

very  naturally  assume  that  p,^,  ^.-Additive  fiuidUi^ 

P-~i    (3«) 

2.  It  is  more  usual,  however,  to  calculate  the  viscosity  from 
the  volume  of  flow,  as  in  the  Poiseuille  type  of  instnmient. 
Let  v',  BS'  in  the  figure,  be  the  eflfective  velocity  which  the  sur- 
face BS  would  have,  were  the  series  of  lamellae  replaced  by  a 
homogeneous  fluid  having  the  same  volume  of  flow.  The  effective 
velocity  is  related  to  the  quantity  of  fluid  U  passing  per  second  in 
a  stream  of  unit  width,  as  follows: 

2 

Let  the  viscosity  as  calculated  from  the  flow,  as  for  a  homogeneous 
fluid,  be  H',  then 

_    HV    2H'U  ,  „ 
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It  is  to  be  noted  that  had  the  less  viscous  substance  been  in 
contact  with  the  surface  AE,  the  eflFective  velocity  of  flow  would 
have  been  represented  by  the  distance  BS'\  We  shall  take  the 
former  of  these  for  our  definition  of  the  viscosity  of  a  mixture, 
since,  as  we  shall  now  show,  by  using  it  the  viscosity  is  independent 
of  the  number  or  the  arrangement  of  the  lamellae. 

Since 

we  obtain  from  equations  (3)  and  (3a)  that 

m 

PR^-'P(r,Vt+r,<f>,+  .  .  .) 
or  since 

r  r 

the  fluidity  of  the  mixture  is 

*  =  a^i  ri-6^2  + (4) 

The  fluidities  are,  according  to  this  definition,  strictly  additive 
and  entirely  independent  of  the  number  and  arrangement  of  the 
layers.  Since,  however,  the  viscosities  are  usually  calculated  by 
means  of  the  Poiseuille  formula  based  on  the  volume  of  flow,  it  is 
important  to  determine  for  a  given  arrangement  of  lamella  what 
correction  must  be  made  to  the  effective  viscosity,  as  calculated 
from  the  volume  of  flow,  to  make  it  accord  with  the  true  viscosity, 
as  defined  above  and  as  obtained  by  the  disk  or  other  similar 
method  for  the  measurement  of  viscosity. 

Reverting  again  to  the  figure,  we  find  that 

2 


H-'z;ira  + 


2 


'hViri+V2ri  + 


If  there  are  n  pairs  of  alternate  lamellae  of  the  two  substances 
A  and  B 

U  -  -[n'l/iri  +n(n  +  i)Vjr2  -{-rlH^r^  +  w(n  -  i)i;,ri] (5) 

Since  n  •=      ,     »  on  substituting  into  equation  (5)  the  values  of 
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v^  and  i;,,  we  get 

and  if  *'  =*  jp  we  obtain  from  equation  (3b) 

and  when  n  =  00  ,  the  fluidity  becomes  simply 

'^a^i  +  b(p2 
and  in  this  case 

4^  =* (7) 

In  a  homogeneous  mixture  it  appears,  therefore,  that  the  two 
definitions  lead  to  the  same  fluidity,  and  experimental  results 
lead  us  to  believe  that  this  is  the  case  usually  presented  in  liquid 
mixtiu-es,  since  the  disk  method  and  the  capillary  tube  method 
give  the  same  fluidity.  If,  however,  the  niunber  of  lamellae  is 
small,  as  may  well  be  the  case  in  very  imperfect  mixtiffes,  or  when 
the  flow  takes  place  through  very  narrow  passages,  the  effective 
fluidity  as  calculated  from  the  volume  of  flow  may  be  either  greater 
or  less  than  the  stun  of  the  partial  fluidities  of  the  components, 
depending  upon  the  order  of  the  arrangement  of  the  lamellae  in 
reference  to  the  stationary  sin-face.  The  amount  to  be  added  or 
subtracted  from  the  effective  fluidity  in  order  to  obtain  the  true' 

fluidity  is  represented  by  the  term  —  (^a  —  <pi) ,  corresponding  to 

the  areas  ACD,  etc.,  or  AFD,  etc.,  Fig.  4. 

A  combination  of  the  cases  2  and  3  would  lead  to  a  checkerboard 
arrangement,  but  it  may  now  be  shown  that  such  an  arrangement 
tends  to  reduce  to  the  case  where  the  fluidities  are  additive. 

If  the  arrangement  considered  in  Fig.  3  is  subjected  to  continued 
stress,  the  lamellae  will  tend  to  become  indefinitely  elongated  as 
indicated  in  Fig.  5;  and  unless  the  stuface  tension  intervenes,  as 
may  be  the  case  in  immiscible  liquids,  the  lamellae  will  approach 
more  and  more  nearly  the  horizontal  position.     Thus,  so  far  as  we 

te  Dt.  B.  Bttddni^iain  of  the  Burettt  of  Standards  has  checked  this  derivatian  by  another  jnethod. 
A  more  general  sohttioa  has  been  famished  by  Mr.  C.  A.  Briggs  of  this  Bureau. 

Let  A'  be  the  total  niunber  cd  layers.    If  there  are  m  different  liquids  having  fluidities  ^,  pt,  mr   •    •    • 

and  the  thicknesses  oi  the  layers  of  each  liquid  are  n,n,n,    .    .    .    respectively,  the  layers  being  arranged 

N 
in  this  order  and  repeated  —  times,  the  fluidity  will  be 

♦'-o«n+6f>H-c#»8+    ..  .    .    +^[o«(fr+c+rf+    .    .    .)+6*»i(-o+c+rf+    .    .    .)+ow(-c-6+<f+«+ 
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can  determine  without  solving  the  complicated  problem  of  the 
molecular  motions,  it  seems  certain  that  the  fluidities  will  become 
more  and  more  nearly  additive  as  the  flow  progresses  and  the  mix- 
ture becomes  more  and  more  nearly  complete.  The  results  of 
experiment  verify  this  conclusion  wherever  there  is  no  evidence  of 
chemical  union  between  the  components  of  the  mixture. 

It  has  been  demonstrated '  that  the  viscosity  of  a  given  mixture 
must  always  be  less  when  the  fluidities  are  additive  than  when  the 
viscosities  are  additive,  hence  the  viscosity  is  greatest  when  the 
lamellje  are  perpendicular  to  the  direction  of  the  shear;  it  is  least 
when  the  lameUfe  are  arranged  parallel  to  the  direction  of  shear. 

f  But  the  "  effective  "  viscosity  may  be  made 

still  less  by  placing  the  more  fluid  sub- 
stance in  contact  with  the  stationary  sur- 
'  face  and  ha\'ing  the  number  of  lamellae  as 
small  as  possible. 

Scarpa"  has  raised  the  important  ques- 
tion. If  the  fluidities  of  homogeneous  mix- 
tures are  additive,  should  there  not  be  a 
mechanical  sepjiration  of  the  components 
Fig.    j.— ta*    arrangement    of  the  mixture  when  it  is  simply  forced 
',    .  1 '". ,  *^'  ^^   ,--^    through  a  narrow  passage,  such  as  has 

hat  taktn  place.     Conditions  °  r  o    > 

are  teen  lo  approach  those  of  never  been  Observed  ?  It  is  clear  that  the 
.  Fig.  4,  !o  that  Oie  fluidities    flow  of  one  component  A  will  cause  the 

ofa  mixture  und  to  become  component  B  to  be  Carried  along,  even 
though  the  fluidity  of  the  latter  may  be 
zero.  The  total  quantity  of  A  flowing  in  a  unit  of  time,  regard- 
less of  whether  it  is  derived  from  the  fluidity  of  ^4  or  5,  is  made 
up  of  the  terms  of  equation  (5)  containing  r,,  and  is 

and  similarly  the  rate  of  flow  of  the  component  B  is 


(8) 


U,     a 

U,''b    

which  proves  that  when  the  number  of  lamellae  is  lai^e,  the  sub- 
stance flows  in  exactly  the  ratio  in  which  the  components  are  pres- 
ent.    In  other  words,  there  is  no  separation  at  all. 

•Phyi.IlcTlcw,U,p.4iii  ifii.  •IUiid.nc.cUm.lULn,S>p.]6);  igij. 
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There  will  be  a  separation  of  the  components  of  the  mixture  when 
the  thickness  of  the  lamellae  is  great  or  when  the  passage  through 
which  the  substance  is  forced  is  very  small,  for  in  either  case  n 
will  be  small.  The  separation  may  be  calculated  from  the  ex- 
pression. 

1/2" b    (n'^i)a<Pi+nb(p2 

If  the  two  components  have  the  same  fluidity  and  are  present  in 
equal  proportion,  the  component  A  will  flow  at  only  one- third 
of  the  rate  of  B  when  w  =  i.  Even  if  the  fluidity  of  B  is  zero,  it 
will  flow  twice  as  rapidly  as  A ,  under  the  above  conditions.  Since 
this  ratio  is  independent  of  the  fluidity  oi  A,  it  follows  that  the 
flow  of  B  may  be  increased  by  making  the  fluidity  of  A  large. 

An  ingenious  application  of  the  above  principle  was  made  by 
the  Southern  Pacific  Railroad,''  when  it  was  found  that  the  pres- 
sure required  to  pump  heavy  oils  through  long  pipe  lines  was 
inconveniently  large.  The  problem  was  to  get  the  maximum  flow 
of  oil  for  a  given  expenditure  of  work  and  with  a  given  diameter 
of  pipe.  By  using  a  rifled  pipe  and  injecting  about  lo  per  cent 
of  water  along  with  the  oil,  the  water  was  thrown  to  the  outside 
of  the  pipe  by  the  centrifugal  action  caused  by  the  rifling,  and 
thus  by  a  seeming  paradox  the  water  lubricated  the  oil,  so  that 
the  delivery  became  from  8  to  lo  times  what  would  have  been  the 
case  had  the  water  not  been  added. 

Similar  experimental  confirmation  of  the  principle  was  obtained 
by  the  author  as  follows:  Using  capillary  No.  i  in  the  viscometer  we 
have  employed  above,  it  was  found  that  13  ml  of  pure  water  at 
25®  C  under  60  g  per  square  centimeter  pressure  would  flow  in  33 
seconds.  Pure  cottonseed  oil  under  the  same  conditions  required 
1640  seconds.  A  mixture  was  then  made  containing  one-third  oil 
and  two-thirds  water  by  volume.  Had  the  water  completely 
flowed  through  the  capillary  before  the  oil  began  to  flow,  the  time 
of  flow  of  the  mixture  should  have  been  22  4- 547-* 569  seconds; 
yet  only  391  seconds  were  actually  required,  which  is  less  than 
the  time  theoretically  required  for  the  flow  of  the  oil  alone.  The 
difference  of  1 78  seconds  is  due  to  the  water  forming  a  lubricating 
film  for  the  oil  as  the  water  drained  out  of  the  viscometer.  This 
effect  may  be  regarded  as  a  kind  of  "  slipping." 

'  KtigitMyring  Record,  57,  p.  676;  xgo8. 
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It  is  possible  that  under  special  circumstances  there  may  be  a 
separation  of  the  components  of  a  mixture  even  when  thoroughly 
mixed.  This  would  manifest  itself  when  the  capillary  passages 
approached  molecular  dimensions  and  there  was  a  difference  in 
the  adhesion  of  the  components  of  the  mixture  for  the  surface  of 
the  passages.  The  component  with  the  least  tendency  to  wet  the 
walls  would  tend  to  be  carried  along.  As  a  matter  of  fact  Gilpin  ■ 
and  his  coworkers  have  found  a  separation  of  the  components  of 
petroleum  in  flowing  through  finely  powdered  materials. 

Case  4.  Suspensions — ^The  Simplest  Case. — ^The  above  cases 
apply  primarily  to  pure  homogeneous  fluids,  fluid  mixtures,  and 
emulsions.  We  come  now  to  the  consideration  of  suspensions  of 
solids  in  fluids.  In  its  simplest  aspect  we  have  but  a  limiting 
example  of  case  3,  where  the  lamellae  of  one  component  have 
*  zero  fluidity.  We  have  already  seen  that  if  the  lamellae  were 
thin  enough  the  suspension  would  flow  without  separation  of  the 
coqiponents.     If  <p2  —  o,  the  fluidity  *  of  the  suspension  is 

*  «a^i (10) 

that  is,  the  fluidity  of  the  medium  will  be  decreased  in  exactly  the 
ratio  which  the  volume  of  the  solid  bears  to  the  total  volume  of 
the  suspension. 

Iff  however,  the  lamellae  of  solid  B  have  an  irregular  stuiace, 
this  law  will  not  hold.  If,  for  example,  the  lamellae  are  pierced 
by  ntunerous  fine  pores,  the  fluid  will  fill  these  pores,  yet  the 
stream  lines  will  neither  pass  through  the  pores  or  be  appreciably 
distorted  by  their  presence.    The  fluidity  is  then 

where  d  is  the  fraction  of  the  total  volume  occupied  by  the  pores. 
Case  5.  Seepage. — ^A  solid  stratum  placed  at  right  angles  to 
the  direction  of  shear  prevents  all  viscous  flow  imtil  the  pressure 
becomes  sufficient  to  produce  rupture,  as  equation  (2)  requires. 
If  this  stratum  is  pierced  by  one  or  more  cylindrical  pores,  flow 
will  take  place  and  for  a  given  area  of  pores  it  is  easy  to  calcu- 
late from  equation  (la)  that  the  rate  of  flow  will  vary  directly  as 
the  square  of  the  radius  of  the  pores.  This  effect  of  the  varia- 
tion of  the  diameter  of  the  pores  upon  the  rate  of  flow  is  often 

•Am.  Chcm.  J., 40.  p.  495  (1908);  44,  p.  351  (1910);  60,  p.  59  (1913). 
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underestimated.  If  a  single  pore  opening  i  cm  in  diameter  in  a 
plug  be  replaced  by  a  multitude  of  pores  with  the  same  total 
area,  but  with  a  diameter  of  only  o.oooi  cm,  this  being  of  the 
order  of  magnitude  of  the  pores  in  the  finest  clay,  then  a  pressure 
which  would  cause  a  flow  of  i  cm'  in  a  minute  through  the  large 
opening  would,  according  to  Poiseuille's  law,  require  12  years  to 
force  I  cm*  of  fluid  through  the  small  pores. 

It  is  well  known  that  compact  clay  is  almost  impervious  to 
both  water  and  oils,  and  therefore  they  are  often  associated,  the 

the  clay  forming  an  impervious  stratum  ^ 

through  which  the  water  or  oil  does  not 
penetrate.  For  this  reason  clay  is  used 
for  the  cores  of  dams  in  as  compact  a  state 
as  possible.  The  fineness  of  the  pores  has 
an  important  bearing  upon  the  penetra- 
tion, retention,  and  circulation  of  water  in 
soils.  It  is  well  known  to  the  chemist  that 
the  rapidity  of  filtration  increases  very 
rapidly  with  the  increase  in  the  size  of  the 
grain  and  consequently  in  the  size  of  the 
pores. 

The  fact  that  jellies  set  so  as  to  become 
apparently  solid  substances,  when  only  a 
minute  fraction  of  the  total  volume  is 
made  up  of  true  solid,  is  doubtless  due  to 
the  formation  of  a  connected  network, 
which  prevents  the  viscous  motion  of  the 
jelly  as  a  whole,  and  the  excessively  fine 
pores  prevent  the  appreciable  flow  of  the 
medium.  It  is  to  be  expected  that  diffu- 
sion and  electrical  conduction  through  such  a  substance  would  be 
practically  unimpeded,  and  such  is  the  case. 

Cask  6.  Nonplastic  Suspensions. — ^A  sphere  suspended  in  a 
fluid  of  its  own  specific  gravity,  Fig.  6,  is  the  simplest  case  of  a 
suspension.  The  shearing  of  the  fluid,  which  causes  any  cubical 
figure  of  the  fluid  to  assume  the  form  of  a  rhombohedron,  will  cause 
the  sphere  to  rotate,  greatly  assisting  the  flow.  The  stream  lines 
are  curved  on  account  of  the  presence  of  the  sphere,  but  the  sphere 
itself  moves  in  a  linear  direction  and  with  the  velocity  of  the 
stratum  of  Uquid  which  would,  if  continuous,  pass  through  the 


Fio.  6. — Showing  the  distor- 
tion of  the  stream  lines  by 
the  presence  of  a  solid  sphere 
in  viscous  flow.  If  the 
sphere  is  situated  midway 
between  the  upper  and  lower 
surfaces  which  are  supposed 
to  be  sheared  with  equal  veloc- 
ity toward  ihe  right  and  left, 
respectively y  it  is  evident  that 
the  sphere  and  the  stratum 
which  would  pass  through 
its  center  are  not  moving 
either  to  the  right  or  to  the 
leftt  «.  e.t  they  have  the  same 
velocity.  The  figure  is  evi- 
dently diagramtnatic  only 
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center  of  the  sphere.*  Spheres  in  the  same  stratum  do  not  tend  to 
approach  each  other,  since  they  all  have  the  same  velocity. 

Spheres  in  different  strata  move  with  unequal  velocities;  hence 
collisions  must  take  place,  depending  upon  the  radii  of  the  spheres 
and  their  number  per  unit  volume  as  well  as  upon  the  attraction 
or  repulsion  that  may  exist  between  them.  The  siuf  aces  of  two 
spheres  which  are  approaching  each  other  must  be  moving  in  oppo- 
site directions  which  are  at  right  angles  to  the  line  joining  their 
centers,  Fig.  7a.     The  viscous  resistance  to  this  shearing  action  as 

•..««.«.    ^^^y  approach  will  rapidly 

?5^-     •""•";*%'"     dissipate  as  heat  their  en- 

O/SrV     Os'     V<'    -™0-"     ergy  of  rotation. 

Xj}"    **^Cy     "O      'O     ^        The  contact  of  two  parti- 

'^ "^'^    IV*™"     cles,  which  are  large  in  com- 

a  bed  parison  with  molecular  di- 

Tro.y.-T^  spheres  Wor*.Hunng.  a^afUrcoU  mensions.  brings  the  lawsof 

/Mum.     The  initial  rotation  of  the  individual  ordinary  friction  into  play. 

spheres  is  lost  on  collision  and  this  results  in  the  The    Spheres  cannot  rotate 

dissipation  of  energy  as  h^f     In  the  place  of  ^j^^   ^^   ^           ^^^^^ 

thts  individual  rotation  there  developes  a  rota-  ,               ^ 

tion  of  the  system.    It  should  be  noted  that  this  a    certain     definite    value, 

latter  rotation  causes  the  centers  of  the  spheres  to  which     depends    UpOn    the 

move  in  a  transverse  direction,  indicated  by  the  pyesSUre  existing  normal  tO 

distances  from  the  dotted  Unes  ,                                         , 

the  surfaces  at  theu*  pomt 
of  contact,  and  this  pressure  in  turn  depends  not  only  upon  the 
rate  of  shear  but  on  the  attraction  or  repulsion  which  may  exist 
between  the  spheres. 

When  two  spheres  come  into  contact.  Fig.  7b,  they  must  remain 
in  contact  for  a  definite  period.     If  the  spheres  were  without 

*  Biiutein  (Ann.  der  Phirsik,  19,  p.  289, 1906)  and  Hatscfaek  (Kolloid-Zeitschrift,  7,  p.  301,  1910;  8,  p.  34. 
X9ix;  Trans.  Faraday  Society,  March,  1913)  have  both  considered  the  case  ol  suspensions  of  sirfierioBl  par^ 
tides  at  low  concentrations.    They  both  arrive  at  a  formula 

H-iii(x+*6) 
or 

i+Jk6 

where  b  is  the  volume  fraction  of  solid  iH-esent  and  ik  is  a  constant  for  whidi  Hatsclidc  deduced  the  value  ol 
4-5  and  Binstein  of  x.  The  formula  is  hyperbolic  in  form,  while  the  fomula.  equation  (la),  obtained  by 
Bingham  and  Durham  experimentally,  and  confirmed  by  the  experiments  of  Odcn  (Zcitsdir.  f .  phytik. 
Chem.,  80*  p.  709, 19x3)  is  linear. 

There  is  a  slip  in  Hatschdc  's  reasoning.  He  says:  "  It  is  obvious  that  the  liqidd  at  the  upper  pole  of  cadi 
spherical  particle  moves  with  a  somewhat  greater  velodty  than  at  the  lower  pole,  whidi  is  equivalent  to  a 
translatory  movement  of  the  particles  with  a  velodty  equal  to  half  the  difference  of  the  two  velodties  pre^ 
vailing  at  the  two  poles. "  He  thus  neglects  entirely  the  rotation  of  the  spheres  and  assumes  that  they  ar« 
moving  faster  than  the  stratum  of  fluid  which  would  pass  through  the  centers  of  the  spheres.  That  these 
two  motions  are  equivalent  is  at  least  not  self-evident.  His  formula  is  obtained  by  the  employment  oC 
Stokes's  formula  for  a  sphere  moving  through  a  viscous  medium  without  rotation. 

It  is  worth  noting  that  if  thdr  formula  hdd  at  high  concentrations  the  pure  solid  would  have  a  fluidity 
of  x8  per  cent  (Hatschck)  to  50  per  cent  (Binstdn)  of  the  fluidity  of  the  continuous  medium,  iiiespective  oC 
the  nature  of  the  medium.  This  result  is  of  course  absurd.  We  believe  that  it  shows  that  the  values 
obtained  by  the  use  of  the  formula  will  always  tend  to  be  higher  than  the  values  found  experimentally. 
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attraction  or  repulsion  for  each  other,  they  would  become  separated 
as  soon  as  their  centers  had  come  to  be  in  the  same  vertical  plane, 
Fig.  7c. 

The  spheres  cannot  rotate  as  individuals  unless  the  torque 
exceeds  a  certain  minimum  value,  which  depends  upon  the  pres- 
stu^e  which  exists  normal  to  the  surfaces  in  contact.  Seepage  can 
take  place  at  low  rates  of  shear,  but  we  are  here  considering  the 
flow  of  the  mass. 

During  the  time  of  contact  of  two  spheres  they  rotate  as  a 
whole  and  pass  out  of  the  strata  of  liquid  to  which  they  formerly 
belonged,  Fig.  7c,  and  into  strata  of  widely  different  velocities. 
During  this  period  of  acceleration  the  liquid  will  flow  arotmd  the 
spheres  and  through  the  interstices  between  them.  Thus,  other 
spheres  tend  to  collide  with  those  already  in  contact,  after  which 
the  combined  mass  tends  to  rotate  as  a  whole.  When  equilibrium 
is  reached  these  clots  will  have  a  certain  average  size,  depending 
upon  the  number,  size,  and  specific  attraction  of  the  particles. 

For  the  present  purpose,  the  important  thing  to  observe  is  that 
as  these  clots  increase  in  size  and  number  there  comes  a  point 
when  the  clots  come  in  contact  across  the  entire  width  of  the 
passage.    At  this  point  viscous  flow  stops  and  plastic  flow  begins. 

For  a  given  substance  and  volume  concentration,  the  number 
of  collisions  will  be  proportional  to  the  number  of  particles  which 
varies  inversely  as  the  cube  of  the  radius.  But  if  the  angular 
velocity  is  independent  of  the  radius,  the  energy  of  rotation  will 
vary  with  the  square  of  the  radius,  hence  the  loss  of  energy,  due 
to  collisions,  will  be  inversely  proportional  to  the  radius. 

Experiment  proves  that  the  viscous  flow  of  suspensions  follows 
the  law»o 

*-(i-7J9i (12) 

where  6  is  the  concentration  of  solid  by  volume  and  c  is  the  par- 
ticular value  of  6  at  which  the  fluidity  of  the  suspension  becomes 
zero.  The  value  of  c  can  vary  only  from  o.  to  i ,  the  value  increas- 
ing with  the  size  of  the  particles.  When  c  =  i  the  formula  becomes 
the  same  as  in  Case  5,  *=a^i  where  no  collisions  are  taking  place. 
This  perhaps  indicates  that  the  decrease  from  unity  in  the  value 
of  c  actually  found  is  due  solely  to  collisions. 

Case  7.  Plastic  Suspensions. — We  have  supposed  that  the 
stress  is  insufficient  to  overcome  the  friction  between  the  particles. 

\  •  *a  Phys.  Bevlew,  85.  p.  423;  1912^ 
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If  the  stress  is  suflScient  to  cause  the  surfaces  to  slip  over  each 
other,  a  flow  will  result  which  must  be  regarded  as  plastic  in  its 
natiu'e,  since  a  certain  definite  stress  is  required  for  its  production. 
It  is  evident  that  the  friction  must  increase  as  the  number  of  con- 
tinuous chains  of  particles  across  the  passage  is  increased. 

There  is  a  superior  limit  to  the  volume  concentration  of  solid  in 
this  t3rpe  of  plastic  flow.  If  the  solid  phase  is  made  up  of  spheres 
of  equal  size,  no  further  concentration  is  possible  after  the  spheres 
are  closely  packed.  As  soon  as  this  becomes  the  case,  movement 
among  the  particles  is  prevented  and  the  only  flow  possible  is  by 
slipping  at  the  boundary  or  at  a  siuface  of  rupture,  and  of  the 
medium  filtering  through  the  interstices.  There  are  two  methods 
of  closely  packing  spheres,  the  tetrahedral  packing  with  a  pore 

space  of  I  — — 7=  or  25.96  per  cent  by  volume  and  the  cubical 

3  V2 

TT 

packing  with  a  pore  space  of  i  —  ^  or  47.64  per  cent  by  volume. 

Since  the  pore  space  is  independent  of  the  radius  of  the  particles, 
and  since  interlocking  of  the  spheres  occurs  as  soon  as  the  pore 
space  becomes  less  than  47.64  per  cent,  the  concentration  of  solid 
corresponding  to  this  pore  space  appears  to  be  the  maximum 
concentration  for  the  occiurence  of  plastic  flow  of  the  first  type, 
and  at  this  concentration  of  52.36  per  cent  slipping  must  take 
place  if  the  mass  is  to  flow  as  a  whole. 

While  the  maximum  concentration  for  plastic  flow  is  thus 
independent  of  the  size  of  the  particle,  we  have  seen  that  the 
concentration  at  which  plastic  flow  begins  decreases  with  the 
decreasing  radius  of  the  particles.  To  have  a  considerable  range 
of  plasticity,  the  spheres  must  therefore  be  very  small.  It  is  this 
fact  which  is  of  fundamental  importance  in  the  study  of  plastic 
substances. 

What  has  been  stated  above  in  regard  to  the  effect  of  piercing 
the  laipellae  with  fine  pores  may  be  extended  to  the  case  where 
the  particles  are  porous  spheres  or  bodies  with  reentrant  angles  or 
other  irr^ular  outline. 

If  the  view  here  presented  is  correct,  the  point  where  plastic 
flow  begins  is  independent  of  the  viscosity  of  the  medium,  so 
long  as  the  attraction  or  repulsion  between  the  particles  is  the 
same.  For  example,  in  dry  clay  the  medium  filling  the  pores  is 
air.  When  the  clay,  thoroughly  worked  to  separate  the  particles 
from  each  other,  is  put  into  a  receptacle  and  shaken  down  thor- 
oughly, the  particles  evidentiy  move — ^not  with  perfect  freedom 
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as  in  a  viscous  fluid — but  rather  as  a  plastic  substance,  bridging 
across  the  space  so  that  the  packing  is  by  no  means  the  closest 
possible.  In  an  actual  experiment,  after  continued  shaking  for 
about  a  half  hour,  the  pore  space,  as  determined  by  means  of 
carbon  tetrachloride,  was  not  47.64  per  cent  as  with  equal  spheres 
and  close  cubical  packing  but  81.6  per  cent  by  volume.  In  an 
aqueous  suspension  made  with  water  containing  one-tenth  of  i 
per  cent  of  potassium  carbonate  the  plastic  flow  was  found  to 
begin  in  a  mixture  containing  80.5  per  cent  water  by  voliune. 


IV.  DISCUSSION  OF  EXPERIMENTAL  DATA 

1.  LAW  OF  PRESSURES 

We  take  the  data  for  capillary  No.  i.  Table  2,  Fig.  8,  to  prove 
that  for  a  certain  medium  range  of  pressures  the  volume  of  flow 
is  quite  accurately  represented  by  the  formula 

v^KiP-'f) (13) 

where  v  is  the  volume  of  flow  per  second,  /  is  what  we  shall  denomi- 
nate the  friction  constant  ^^  expressed  in  grams  per  square  cen- 
timeter required  to  start  the  flow  and  determined  graphically  as 
the  intercept  of  the  volume-pressure  curve  on  the  pressure  axis 
as  shown  in  Fig.  8,  and  K  is  an  arbitrary  constant.  To  test  the 
formula  the  values  of  K  are  given  in  Table  14. 

TABLE  14 


No. 

P-l 

▼xio» 

KX10« 

fnun  iii6m 

20 
19 

11 
10 

Av. 

4&8 
50.6 
76.6 
78.S 

loai 

113.0 
12&1 
128.8 
156.7 
157.2 

21a  0 

5.53 

6.14 

9.06 

&95 

11.82 

9.17 

14.37 

15.49 

19.97 

17.66 

23.23 

116.0 
120.3 
11&2 
114.0 
U&l 
81.1 
112.0 
120.3 
127.4 
112.3 

iia6 

-  0.9 
+  3.4 
+  1.3 

-  2.9 
+  1.2 

-  4.9 
+  3.4 

+ia5 

-  4.6 

-  6.3 

116.9 

3.9 

^  The  term  "intenuil  frictioa"  is  used  sometimes  as  synonymoos  with  viscority.  There  is  not  only 
no  need  for  this  term  bttt  there  is  positive  objection  to  its  use  in  this  ocmnectioii,  since  the  laws  of  viscous 
flow  are  <]uite  different  from  the  hiws  of  ordinary  friction.  Since  in  suapensioos  we  have  the  colKsions  of 
particles  with  the  dissipatioa  of  the  eneivy  of  translation  according  to  the  laws  of  fricdoo,  we  haye  here 
a  troe  internal  friction,  and  it  seems  best  to  itscryt  the  vat  of  the  term  for  this  case. 
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Leaving  out  experiment  No.  3,  which  appears  to  be  grossly  in 
error,  we  obtain  an  average  value  for  K  of  116.9,  with  an  average 
deviation  from  this  mean  value  of  3.9.  There  is  no  perceptible 
drift  in  the  mean  value  when  the  experiments  are  arranged  as  here 
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FlG.  8. — The  results  of  experiments  at  2§°  C  with  Capillaries 
No.  I,  No,  2f  No,  5,  and  No,  6,1  with  §0  per  cent  by  weight 
of  clay  suspended  in  pure  water  are  here  plotted.  For  medium 
pressures  the  curves  are  linear  and  intersect  each  other  at  a  point 
on  the  pressure  axis  which  is  widely  removed  from  the  origin. 
Comparing  this  with  Fig.  2,  we  see  that  this  affords  a  sharp 
distinction  between  viscous  and  plastic  flow.  Capillary  No,  I 
shows  that  at  high  pressure  the  flow  suddenly  increases,  which 
is  believed  to  be  due  to  slipping.  Capillary  No,  2,  shows  that 
there  may  be  an  increased  flow  at  low  pressures,  which  is  proba- 
bly due  to  seepages 

in  their  order  of  increasing  pressures  or  in  their  chronological 
order. 

If  the  above  law  held  at  all  pressures,  no  flow  would  occur  at 
pressures  less  than  that  equal  to  the  friction  constant.  Experi- 
ments with  capillary  No.  2  in  particular  demonstrate  that  flow 
does,  however,  take  place  below  this  pressure. 
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We  believe  that  this  flow  is  of  a  difiFerent  character  from  the  flow 
at  the  pressures  just  considered,  and  that  it  is  associated  with  a 
change  in  concentration  due  to  seepage.  Certain  it  is  that  even 
were  there  no  flow  en  masse,  there  must  of  necessity  be  more  or  less 
seepage  through  and  around  the  material.  Such  seepage  would 
be  a  maximtun  in  mixtures  with  low  concentration  of  solid,  since 
this  would  increase  the  size  of  the  pores,  and  with  presstures  which 
are  nearly  sufficient  to  cause  the  flow  of  the  mass  as  a  whole.  As 
this  seepage  takes  place  we  have  noticed,  under  unusual  circum- 
stances, almost  pure  water  flowing  out,  but  very  slowly.  More 
usually  the  seepage  causes  a  change  of  concentration  of  the  part 
entering  the  capillary ;  this  in  turn  causes  a  lowering  of  the  friction 
constant,  and  consequently  the  material  flows  en  masse  with  a 
minimum  of  separation  but  with  considerable  velocity. 

But  the  question  arises.  Will  there  not  be  seepage  even  when  the 
pressure  is  more  than  sufficient  to  overcome  the  friction  ?  Table 
1 5  gives  an  affirmative  answer  to  this  question,  but  it  also  indicates 
that  the  conditions  of  flow  are  unstable,  since  the  values  of  K  va|"y 
widely  even  when  the  pressure  is  practically  constant.  The  per- 
centage of  clay  in  the  mixture,  which  had  flowed  through  the  in- 
stnunent  and  was  found  by  analysis,  is  given  in  the  last  column  of 
the  table  and  serves  as  an  indication  of  the  amount  of  change  in 
concentration  of  the  original  50  per  cent  mixture  due  to  seepage. 

TABLE  15 


No. 

P-l 

VXIO* 

KXIO* 

Pef  cent 
claybv 
•luUysu 

13 
18 
14 
15 
16 
17 

2.1 
23.4 
23.8 
24.3 
24.9 
25.3 

2.45 
4.48 
5.00 
4.90 
4.21 
4.50 

1165 
191.3 
210.0 
201.9 
169.0 
177.8 

49.2 
48.7 

At  high  pressures  there  is  also  an  increase  in  the  rate  of  flow,  but 
unlike  the  increase  at  low  pressures  it  takes  place  suddenly.  Com- 
paring table  16  with  table  14,  we  see  that  increasing  the  value  of 
P  — /  from  192.9  to  210  causes  an  increase  in  the  value  oi  Kx  lo" 
from  120  to  209,  and  the  values  at  still  higher  pressin-es  are  in  the 
region  of  this  higher  value. 
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TABLE  16 


No. 

P-f 

vXlOi 

KX10« 

5 

12 
6 

210.0 
216.3 
217.3 

43.84 
41.94 
44.87 

208.8 
193.9 
206.5 

From  the  first  it  has  been  apparent  that  this  phenomenon  can 
not  be  ascribed  to  experimental  errors.  It  appears  repeatedly 
in  the  course  of  this  investigation  and  the  phenomenon  was  some- 


Fxo.  9. — The  results  of  experiments  at  2$^  C  with  Capillaries  No,  i,  No,  6.1,  No.  6,2, 
and  No.  6.J  with  $0  per  cent  by  weight  of  clay  suspended  in  a  o.i  per  cent  solution  of 
potassium  carbonate,  and  with  Capillary  No.  i  at  40^  C,  are  here  plotted.  The  friction 
constant  is  less  and  the  mobility  far  greater  than  in  the  neutral  suspension.  Rise  in 
temperature  increases  the  mobility.  With  Capillary  No.  6.j  the  results  are  irregular  at 
high  pressures 

what  thoroughly  investigated  when  using  capillary  No.  6.3  and 
an  alkaline  suspension.     (See  Table  7,  Fig.  9.) 

It  occurs  to  one  at  once  that  in  fluids  there  is  a  change  from 
viscous  flow  to  hydratdic  flow  as  the  velocity  increases  and  reaches 
a  certain  critical  value.  However,  it  is  extremely  improbable  that 
this  change  in  r^ime  is  due  to  the  eddies  which  cause  hydraulic 
flow,  because  the  total  kinetic  energy  of  the  material  flowing 
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through  the  capillaries  in  our  experiments  formed  a  negligible  part 
of  the  total  energy  expended.    This  is  shown  in  column  7  of  Tables 
2  to  14.    The  probable  cause  will  be  discussed  later. 
From  our  analysis  of  the  data  for  capillary  No.  i  given  in  Table 

2,  we  conclude  that  the  law  of  pressures  expressed  by  equation 
(13)  holds  true  for  medium  pressures,  but  not  for  high  pressures 
nor  for  pressiu^es  only  slightly  greater  than  the  friction  constant. 
This  conclusion  is  confirmed  by  later  experiments,  as  may  be 
judged  from  the  value  of  fi  in  the  Tables  2  to  14. 

2.  FRICTION  CONSTANT 

The  friction  is  constant  to  within  the  limits  of  experimental 
error  for  suspensions  in  neutral  solution,  as  shown  by  capillaries  No. 
1 ,  Table  2 ;  No.  2,  Table  3 ;  No. 

3 ,  Table  4 ;  and  No.  6.  i ,  Table 
5.  Capillaries  i,  2,  and  3 
differ  from  each  other  very 
little  in  diameter  but  consid- 
erably in  length,  No.  3  being 
3.6  times  the  length  of  No.  2. 
Yet  the  friction  is  78  for  both. 
This  proves  that  the  friction 
is  independent  of  the  length 
of  the  capillary.  On  the 
other  hand,  the  radius  of  cap- 
illary No.  6.1  is  over  twice 
that  of  the  others.  Since  its 
friction  is  the  same,  it  follows 
that  the  friction  is  independ- 
ent of  the  radius  of  the  cap- 
illary. 

We  should  expect  that  de- 
creasing the  pressing  between 
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Fig.  10. — As  the  volume  percentage  of  clay  is 
increased  the  fluidity  rapidly  decreases  and  be- 
comes Mero  in  ike  ig.6  per  cent  mixture.  At 
this  concentration  the  friction  begins  to  have 
a  positive  value  and  increases  rapidly  and  in 
a  linear  manner,  equation  (14) 


the  solid  particles  would  also  decrease  the  friction.  Hydroxyl  ions 
are  well  known  for  their  deflocculating  power  and  accordingly  the 
friction  in  the  alkaline  solutions  is  less  than  in  those  which  are 
neutral,  the  friction  dropping  from  78  to  59.5  in  the  very  weakly 
alkaline  solution  used.  The  experiments  with  capillaries  No.  i, 
Table  13;  No.  6.1,  Table  6;  and  No.  6.3,  Table  7,  give  a  value  for 
the  friction  which  is  59.5  to  within  the  experimental  error,  for  50 
per  cent  suspensions  at  25^.  Experiments  made  with  the  same 
suspension  at  40^  using  capillary  No.  i,  Table  12,  give  the  same 
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friction.     This  indicates  that  the  friction  is  independent  of  the 
viscosity  of  the  medium. 

The  value  of  the  friction  varies  rapidly  as  the  concentration  of 
the  suspension  is  altered,  Fig.  lo,  but  in  a  linear  manner  as  ex- 
pressed in  the  following  formula : 


/'  =  (6-0.196)  718 


(14) 


The  values  of  /  and  /'  are  given  in  Table  1 7. 


TABLE  17 


Fraction  Mlid 
byvolume^b 

FrlcUon  con- 
stant ob- 
Borved-1 

Btantcalcu- 
kied-f 

0.2528 
.2762 
.3640 

40.0 

59.5 

119.0 

40.8 

57.6 

120.6 

3.  MOBILITY 

Given  the  law  of  pressures,  we  may  make  fhe  assumptions  made 
in  regard  to  viscous  flow  and  derive  the  formula,  quite  similar  to 
equation  (la) 

I     Tgr^tjP-f)         mpV 

ti^  8F  (/-hX)       St  <(/H-X) ^^5; 

For  a  given  capillary 


-^^Ct{Pjf)^Cplt (16) 

where  C  and  C  are  constants. 

In  Tables  2  to  10  the  values  of  the  last  two  terms  in  equation 
(16)  are  given  in  columns  6  and  7,  and  the  values  of  ju,  to  which  we 
refer  as  the  mobility,"  are  given  in  the  last  column  of  the  tables. 

In  Table  18  we  summarize  the  data  in  reference  to  the  mobility. 

^  The  term  "mobility"  has  occasionaUy  been  used  as  synonymous  with  fluidity,  but  for  this  use  it  is 
unnecessary.  For  the  purpose  for  which  it  is  here  employed  it  is  closely  related  to  fluidity  but  not  identical 
with  it. 


Bm^ftam] 


Plastic  Flow 


TABLE  18 


337 


Table 

Cap.  No. 

SuspansioD  » 

Teinp., 

KX10« 

Lensth 

M 

/»! 

3 

2 

50  neutral 

25 

508 

1.2195 

2.48 

3.02 

2 

1 

50  neutral 

25 

117 

2.4680 

1.17 

2.89 

4 

3 

50  neutral 

25 

56.3 

4.4120 

1.02 

4.50 

5 

6.1 

50  neutral 

25 

602 

5.0110 

0.73 

3.66 

13 

1 

50  alkaline 

25 

521 

2.4680 

5.11 

12.61 

8 

6.2 

50  alkaline 

25 

2.5094 

<7.4 

<18.5 

6 

6.1 

SO  alkaline 

25 

4012 

5.0U0 

4.60 

23.05 

7 

6.3 

50  alkaline 

25 

1462 

9.9983 

3.37 

33.7 

11 

1 
1 

47  alkaline 
50  alkaline 

25 
25 

2.4680 
2.4680 

7.35       \ 
5.11 

18.1 

13 

521 

12.61 

9 

6.2 
6.2 

60  alkaline 
70  alkaline 

25 
25 

2.5094 
2.5094 

0.119 
0 

2.99 

10 

0 

0 

13 

1 

50  alkaline 

25 

521 

2.4680 

5.11 

12.61 

12 

1 

50  alkaline 

40 

766 

2.4680 

7.88 

19.4 

a  The  su^sensions  are  expressed  in  terms  ol  percentages  by  weight  ol  day. 

From  the  above  table  it  is  clear  that  the  mobility  is  not  con- 
stant for  the  diflFerent  capillaries,  even  though  the  material  is 
identical,  but  it  decreases  as  the  capillary  is  lengthened.  In  fact,^ 
for  the  suspensions  in  ptu^  water,  the  product  of  the  mobility  and 
the  length,  given  in  the  last  column,  yields  a  much  more  nearly 
constant  quantity.  This  taken  by  itself  would  indicate  that  the 
law  of  lengths,  which  holds  for  viscous  flow,  does  not  hold  for 
plastic  flow.  The  data  seem  to  indicate  that  the  volume  of  flow 
varies  inversely  as  the  square  of  the  length  of  the  capillary.  How- 
ever, on  closer  examination  of  the  data,  we  find  that  this  can  not 
be  the  true  explanation. 

In  the  first  place,  the  value  of  the  mobility  for  the  alkaline 
solutions  is  more  nearly  constant  than  is  the  product  of  the 
mobility  and  the  length  of  capillary,  which  proves  that  the  volume 
of  flow  apparently  varies  inversely  neither  as  the  first  nor  second 
nor  any  fixed  power  of  the  length. 

In  the  second  place,  we  recall  that  at  high  pressures  capillary 
No.  I  in  50  per  cent  neutral  suspension  gave  a  much  higher  rate 
of  flow,  corresponding  to  a  mobiUty  of  about  1.98,  which  is  nearly 
twice  the  value  taken  for  the  average,  or  1.17.  Similarly  capil- 
lary No.  6.1  gave  one  value  as  high  as  1.63,  and  on  the  other 
hand,  capillary  No.  2  gave  one  value  as  low  as  1.92.  Now  these 
divergences  in  our  values  are  far  outside  of  any  known  error  in 
measurement  and  we  can  explain  them  only  by  assuming  a  change 
of  rd^me  in  the  case  of  the  higher  values.  We  will  discuss  the 
nature  of  this  new  r^ime  later. 
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We  therefore  return  to  the  provisional  acceptance  of  the  laws 
of  lengths  and  diameters  for  plastic  flow  which  hold  for  viscous 
flow  and  leave  for  future  work  the  elimination  or  estimation  of  the 
extraneous  influence  on  the  flow  which  is  here  apparent.  (See 
"Slipping,"  p.  340.) 

Since  the  mobilities  which  we  have  obtained  for  the  suspensions 
of  different  concentrations  are  for  capillaries  of  practically  the 
same  length,  we  may  regard  the  results  as  truly  comparable, 
although  the  aibsolute  values  may  be  subject  to  correction. 

In  Fig.  1 1  we  have  plotted  mobility  against  volume  concentra- 
tion.    The  curve  begins  with  a  very  large  value  at  the  19.6  per 

cent  suspension  by  volume,  de- 
creases rapidly  and  reaches  a 
very  small  value  at  about  40  per 
cent  of  solid.  The  curvature  is 
very  great  near  this  latter  con- 
centration, and  it  is  therefore 
critical  as  regards  the  character 
of  the  flow.  We  noted  a 
marked  change  of  appearance 
as  this  concentration  was 
passed.  In  all  of  the  lower  con- 
centrations the  stuiace  tension 
was  strong  enough  to  cause  the 
material  flowing  from  the  capil- 
lary to  take  the  form  of  drops, 
but  in  the  higher,  47  per  cent, 
suspension,  the  material  for  the 
first  time  flowed  out  in  the  form  of  a  wire. 

The  region  of  notable  mobility  is  therefore  very  restricted, 
even  in  a  very  plastic  clay.  In  a  so-called  "nonplastic"  sub- 
stance, this  curve  would  doubtless  be  very  much  steeper.  It  is 
also  evident  that  at  still  higher  concentrations  of  solid  than  those 
used  here,  the  flow  must  be  very  slight  for  moderate  pressures 
or  else  sUppage  must  play  an  important  part.  We  know  that  in 
technical  practice,  slipping  of  the  type  discussed  earlier  under 
case  3  is  definitely  promoted  by  wetting  the  die  through  which 
the  material  is  forced  with  some  substance  having  considerable 
fluidity. 

The  effect  of  a  o.i  per  cent  alkali  upon  the  mobility  is  even 
more  marked  than  upon  the  friction  constaat,  the  mobiUty  being 
raised  from  1.17  to  5. 11,  both  suspensions  being  meastu:ed  in 
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Fig.  II, — The  mobility  decreases  very  rap- 
idly from  the  ig.6  per  cent  mixture^  -where 
the  fluidity  is  gero,  and  the  mobility  a 
maximum  to  a  50  per  cent  mixture  where 
the  mobility  is  negligible  on  the  scale 
used 
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capillary  No.  i.  There  is  then  an  increase  of  over  330  per  cent, 
which  is  a  truly  extraordinary  efiFect. 

The  temperature  has  an  efiFect  upon  the  mobility  which  is  only 
less  marked  than  that  just  considered,  but  the  increase  in  the 
mobility  as  the  temperature  is  raised  is  readily  accounted  for 
by  the  increase  in  the  fluidity  of  the  medium.  The  ratio  of  the 
mobilities  is 

M4D-      7-88 

at ^  I ,  S4. 

M26-       5-1 1 

while  the  ratio  of  the  fluidities  of  water  at  these  temperatures  is 

ip^.     166.9     ,  ^^ 

■- « 1 .49 

<p^.     1 1 1.7 

The  difiFerence  between  these  is  a  little  over  3  per  cent,  which  is 
easily  accotmted  for  on  the  basis  of  experimental  error. 

It  seems  appropriate  to  conclude  this  section  with  some 
remarks  of  a  general  nature  upon  mobility  and  its  relation  to 
plasticity. 

Any  substance  which  requires  a  shearing  stress  of  finite  magni- 
tude to  produce  a  permanent  deformation  without  rupture  is 
plastic.  If  infinitesimal  stress  is  sufficient  to  produce  permanent 
deformation,  the  substance  is  viscous.  All  liquids  and  gases  are 
viscous,  and  all  plastic  substances  must  be  regarded  as  solids."  It 
does  not  follow  that  all  solids  are  plastic,  for  if  on  subjecting  a 
body  to  shearing  stress  all  of  the  deformation  is  temporary,  the 
body  is  perfectly  elastic  and  nonplastic  for  the  stress  imder  con- 
sideration. If,  on  increasing  the  stress,  rupture  takes  place 
before  there  is  any  permanent  deformation,  the  substance  is 
brittle  and  totally  nonplastic.  If  the  space  between  two  parallel 
planes  at  unit  distance  apart  is  filled  with  a  plastic  substance,  and 
a  unit  tangential  force  per  unit  area  be  applied  in  addition  to  the 
force  required  to  just  overcome  the  friction,  the  velocity  given 
to  either  plane  in  respect  to  the  other  is  a  measure  of  the  mobility. 

We  have  hitherto  avoided  the  term  "plasticity.*'  The  con- 
ception underlying  the  word  is  not  only  of  capacity  of  a  substance 
for  being  molded  into  a  desired  form,  but  necessarily  of  retaining 
that  form  when  it  is  once  attained.  Plasticity  is  therefore  not  a 
simple  property.  We  have  seen  that  the  ability  of  a  substance  for 
taking  a  desired  form  is  dependent  upon  the  mobility  and  perhaps 
the  slipping,  and  also  upon  the  friction  constant.     It  is  a  maximum 

M Throttn^iottt  this  paper  we  use  the  term  "fluid"  as  synonymoos  whh  "viscous  substance,"  and  the 
tenn  "solid"  as  synonymous  with  the  tenn  "plastic  substance."  We  hope  later  to  study  the  flow  of 
cmukioas.  foams,  metals,  etc    At  present  we  are  not  prepared  to  discuss  these  tyxws  of  flow. 
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when  the  friction  is  zero  and  the  mobility  a  maximum.  On  the 
other  hand,  the  ability  of  a  substance  to  hold  its  form  is  dependent 
primarily  upon  the  friction  constant,  but  the  rate  of  change  of 
form  is  dependent  upon  the  mobility.  It  is  a  maximum  when  the 
friction  constant  is  a  maximum  and  when  therefore  the  mobility 
is  very  small. 

It  is  sometimes  desirable  to  strike  a  balance  between  the  two 
factors  of  ease  of  working  and  stability  of  form  which  is  suited  to 
the  given  conditions.  In  paint  the  mobility  must  be  high  and  the 
friction  may  be  low,  but  in  pottery  material  it  is  necessary  that 
the  friction  constant  be  relatively  high.  As  the  friction  is  increased 
the  concentration  is  finally  reached  where  the  pore  space  is  no 
longer  filled  with  liquid.  The  material  then  loses  cohesiveness  and 
crumbles. 

In  the  comparison  of  plastic  materials  it  would  appear  that  the 
ratio  of  mobility  to  friction  would  have  practical  importance,  but 
perhaps  more  important  still  is  the  slope  of  the  mobility  and 
friction  concentration  curves  or  the  range  of  concentrations 
between  the  one  in  which  the  friction  is  zero  and  the  one  in  which 
the  mobility  is  negligible.  \ 

4.  SLIPPING 

If  the  shearing  stress  exceeds  a  certain  value  rupture  takes 
place,  quite  independent  of  whether  the  material  is  a  viscous  fluid 
like  pitch  or  a  plastic  solid  like  steel  or  soft  lard.  In  a  hetero- 
geneous mixture  like  clay  suspensions  the  conditions  at  the 
boimdary,  or  slight  local  changes  in  concentration,  may  be  the 
cause  of  further  separation  of  the  solid  from  the  liquid  medium, 
giving  rise  to  the  slipping  already  discussed  tmder  case  3,  the  | 

water  forming  the  lubricating  layer.  Slipping  has  never  been 
positively  identified  in  the  flow  of  liquids  even  after  the  most 
painstaking  search,  but  there  is  no  inherent  reason  why  the  phe- 
nomenon should  not  appear  in  plastic  flow  where  the  force  required 
is  so  much  greater.  We  should  expect  to  detect  it  when  the 
pressure  becomes  very  great  or,  what  is  practically  the  same 
thing,  when  the  capillary  is  very  short,  making  the  pressure 
gradient  large.  It  is  precisely  under  these  conditions  that  our 
experiments  give  unexpectedly  large  values  for  the  flow. 

In  our  experiments  the  imexpectedly  large  values  appeared 
very  suddenly  with  increasing  pressure.  Whether  or  not  there 
are  really  two  curves  with  a  metastable  region  where  they  join 
is  not  clear  at  present,  but  it  seems  likely  that  the  high  values 
do  not  fall  on  a  smooth  cinrve. 
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V.  RELATION  OF  RESULTS  TO  EARLIER  WORK  ON 

PLASTICITY 

There  are  doubtless  many  types  of  plastic  substances,  but  for 
practical  reasons  the  plasticity  of  clay  has  received  the  most 
attention.  Doubtless,  however,  the  observations  made  in  regard 
to  clay  have  a  general  application. 

In  explaining  why  some  clays  are  plastic  and  others  are  not 
fineness  of  grain  must  play  the  most  important  r61e,  if  the  views 
presented  in  this  paper  are  correct.  Fineness  of  grain  alone 
brings  about  certain  effects  which  are  important. 

1.  Fine  grains  result  in  fine  pores  when  the  particles  are  close 
together,  but  water  diffuses  very  slowly  through  such  a  material. 
In  a  pile  of  wet  sand  the  water  diffuses  rapidly  and  thus  the  lower 
portions  become  weak  because  of  too  much  water  while  the  upper 
portions  may  be  crumbling  from  having  too  little. 

2.  Fine-grained  material  has  a  far  greater  pore  space  than 
coarse-grained  material  in  the  concentration  which  has  zero  fluidity 
and  zero  friction.  There  is  therefore  a  greater  range  of  concentra- 
tions  over  which  the  material  is  plastic. 

3.  For  a  given  value  of  the  friction  the  fine-grained  material 
will  contain  more  of  the  liquid  medium  than  will  a  suspension  of 
coarser  particles.  This  greater  percentage  of  water  will  naturally 
increase  the  mobility  and  the  slipping.  But  since  for  a  given 
friction  the  pore  space,  and  therefore  the  water  required  to  produce 
plasticity,  is  greater,  we  should  expect  shrinkage  on  drying. 
Since,  moreover,  the  diffusion  of  the  water  outward  will  be  very 
slow  in  the  finest  material,  we  should  expect  that  unless  the  drying 
is  accomplished  very  slowly  the  shrinkage  would  be  accompanied 
by  cracking. 

4.  On  drying,  the  fine-grained  material  will  offer  more  numerous 
points  of  contact  between  the  particles  over  a  given  cross  section. 
This  will  result  in  a  stronger  cohesion.  The  finer  the  material 
the  more  rapidly  will  salts  dissolve  out  of  it.  This  possible 
increased  concentration  of  salts,  and  the  fact  that  there  is  an 
increased  volume  of  solution  due  to  the  large  pore  space,  makes 
the  amount  of  cementing  substance  larger  in  the  fine-grained 
raaterial. 

5.  Owing  to  the  slow  diffusion  through  the  fine  material  the 
medium  will  tend  to  become  highly  concentrated  with  soluble 
substances.  Furthermore,  liquids  passing  through  the  fine  mate- 
rial will  tend  to  leave  behind  their  larger  particles  or  molecules. 
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Possibly  in  this  way  we  may  explain  the  high  adsorption  and 
hygroscopicity  of  plastic  clays. 

All  of  the  above  consequences  of  fineness  of  material  are  found 
in  plastic  clays  which  have  been  investigated.  There  are,  how- 
ever, numerous  exceptions  when  we  attempt  to  get^mything  like 
a  quantitative  relation.  Since  there  are  several  other  important 
variables  besides  the  size  of  grain,  exceptions  are  to  be  expected. 
The  theory  would  lead  us  to  expect  that  the  shape  of  the  grain 
would  have  an  important  bearing  upon  the  plasticity.  Further- 
more, the  size  of  grain  is  not  easily  determinable  because  the 
grains  are  usually  of  varied  sizes.  We  have  already  seen  that 
the  mobility  is  affected  in  a  marked  degree  by  the  alkaline  or  acid 
character  of  the  medium  and  it  may  also  be  dependent  upon  the  ^ 
specific  cohesion  between  the  particles.  Moreover,  the  mobility 
is  dependent  upon  the  fluidity  of  the  medium.  This,  in  turn,  is 
affected  by  temperattue  and  by  substances  in  solution,  either 
crystalloid  or  colloid. 

For  otu"  present  pmpose  it  will  be  sufficient  if  we  show  that 
fineness  is  the  prime  factor  in  producing  plasticity.  It  has  been 
more  than  suspected  for  a  long  time  that  fineness  is  a  cause  of 
plasticity,  but  the  reason  for  such  a  connection  has  not  before 
been  pointed  out. 

First  of  all  clay,  so  well  known  for  its  plasticity,  is  not  a  definite 
substance.  In  the  mechanical  analysis  of  soils  the  very  fine 
material  is  called  clay  regardless  of  its  chemical  composition. 
Merrill "  says,  in  criticism  of  the  current  definition  of  clay — 

Kaolinite  is  itaelf  not  properly  a  clay  nor  is  it  plastic.  Further,  in  many  cases 
it  is  present  only  in  unessential  quantities.  More  open  to  criticism  yet,  because 
more  concise,  is  the  statement  sometimes  made  that  clay  is  a  hydrated  silicate  of 
alumina,  having  the  formula  Al303.2Si02+2H20.  It  is  doubtful  if  a  clay  was  ever 
found  which  could  be  reduced  to  such  a  formula  excepting  by  a  liberal  use  of  the 
imagination.  There  is  scarcely  one  of  the  silicate  minerals  that  will  not  when  suffi- 
ciently finely  comminuted  yield  a  substance  possesang  those  peculiar  physical  prop- 
erties of  unctuous  feel,  placticity,  color,  and  odor  which  are  the  only  constant  char- 
acteristics of  the  multitudinous  and  heterogenous  compounds  known  as  clays. 
Daubree,  as  long  ago  as  1878  (Geologic  Experimentale  1879,  p.  25),  pointed  out  the 
fact  that  by  the  mechanical  trituration  of  feldspars  in  a  revolving  cylinder  with  water, 
an  impalpable  mud  was  obtained  which  remained  many  days  in  suspension,  and  on 
drying  formed  masses  so  hard  as  to  be  broken  only  with  a  hammer,  resembling  the 
argillites  of  the  Coal  Measures. 

Grout"  States  that  **A11  finely  groimd  substances  show  this 
property  of  plasticity  to  a  greater  or  less  extent."  The  experi- 
ments  of  Rosenow  "  on  the  hygroscopicity,  heat  of  wetting,  and 

IS  Nofunctallic  Minerals,  Wiley  and  Sons,  p.  sax;  1904. 

w  W.  Va.  Geo!.  Stxrv.,  8,  p.  38;  1906. 

u  Ton-industrie  Zdtung.  86,  p.  za6x;  191  x. 
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size  of  grain  point  to  an  enormously  increased  surface  in  plastic 
clays.  Wheeler  "  has  found  that  nonplastic  slates,  Iceland  spar, 
propyllite,  gypsum,  and  hallosite  can  all  be  made  to  show  apparent 
plasticity.  Stull  *^  f otmd  that  mica  grotmd  for  1 5  hours  with 
water  and  then  screened  to  120  mesh  **  developed  a  surprising 
degree  of  plasticity;  in  fact,  it  showed  a  greater  degree  of  plas- 
ticity than  some  clays  which  are  being  worked  successfully  at  the 
present  time.  This  tends  to  prove  that  plasticity  in  kaolinite 
is  due  to  fineness  of  grain  and  thin  plate-like  structure."  (Cf. 
also  Vogt ".) 

H.  B.  Fox  "  in  the  ceramic  laboratories  of  the  University  of 
Illinois,  separated  the  grains  of  a  shale  and  a  glacial  clay  into  the 
several  grades  of  fineness  and  foimd  that  all  the  grades  possessed 
a  plasticity  that  varied  directly  with  the  fineness  of  the  grain, 
and  that  the  coarse  grains  which  could  not  be  disintegrated  by 
20  hours  of  constant  shaking  in  water,  when  broken  down  in  a 
mortar,  developed  plasticity  that  increased  as  the  size  of  the 
grains  decreased,  tmtil  when  the  coarse  grains  had  been  reduced 
to  an  impalpable  powder  they  developed  a  plasticity  nearly  equal 
to  that  exhibited  in  the  finest  grains  that  had  been  separated  from 
the  original  sample,  showing,  it  is  believed,  that  the  coarser 
grains  were  comprised  of  minerals  similar  in  every  respect  to 
those  in  the  fine  grains,  but  cemented  in  such  a  way  that  they 
withstood  successfully  the  disintegration  treatment. 

According  to  Ladd,*®  clays  can  be  divided  into  three  classes,  as 
follows : 

(i)  Those  which  occur  in  their  place  of  origin — ^that  is,  indigenous  clays,  which 
consist  of  plates,  variously  aggregated,  and  prismatic  crystals;  (2)  those  which  have 
been  transported,  broken  into  cleavage  scales,  and  deposited  in  degrees  of  fineness, 
according  to  the  sorting  power  of  water,  moving  with  dififerent  rates  of  flow;  and  (3) 
those  which  have  been  indurated  either  by  cementation,  recrystallization,  or  some 
unknown  cause,  to  the  point  where  they  will  no  longer  slack  in  water.  In  order  to 
make  the  clays  of  the  last  class  plastic,  they  must  needs  be  first  ground.  The  other 
two  clays  are  both  plastic,  the  former  the  least  so;  while  of  the  latter  those  which  are 
the  finest  in  grain  having  been  carried  the  farthest  or  deposited  in  the  quietest  water, 
are  the  most  plastic  of  all.  These  clays  differ,  respectively,  in  a  marked  degree  of 
plasticity  according  to  the  amount  of  interstitial  water  which  they  contain.  A  certain 
percentage  of  the  latter,  differing  in  the  different  clays,  gives  a  maximum  plasticity. 

Johnson  and  Blake '^  say,  "Plasticity  is  a  physical  character- 
istic and  appears  to  have  a  close  connection  with  the  fineness  of 

>*  liisscmri  GeoL  Surrey.  4.  p.  97;  1896.  »  Piudy,  m  State  Geol.  Sunr.  Ptttl. ,  9.  p.  z8a;  1908. 

^  Tnuis.  Amer.  Cerun.  Soc.,  4.  p.  355;  1903.  *  Georgia  Geol.  Surr.  Bull.,  6a,  p.  99;  1898. 

1*  Ton-indtutrie  2Mtimg,  p.  140;  1893.  ^  Amer.  Jour,  cf  Science,  s  ler.,  98,  p.  351;  1867. 
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the  particles/'  Bleininger"  remarks  that  in  certain  clays  '*a 
close  and  dense  structure  prevails  which  does  not  absorb  water 
tintil  the  latter  is  forced  into  the  pores  by  grinding  and  pugging. 
Clays  of  this  type  therefore  show  but  a  feeble  initial  plasticity. 
*  ♦  ♦  It  seems  to  be  a  fact  that  plasticity  as  measured  by 
the  ability  of  the  clay  to  be  molded  and  to  flow  through  dies 
is  dependent  upon  the  development  of  this  water-saturated 
micdlian  structure.'* 

Even  when  the  particles  of  clay  are  not  cemented  together 
there  is  no  reason  for  their  becoming  separated  from  each  other 
spontaneously  merely  by  the  presence  of  water,  which  at  best 
can  only  diffuse  very  slowly  through  the  pores  that  exist.  Yet 
in  order  to  develop  the  mobility  of  the  material  the  close  packing 
must  be  destroyed  and  the  pores  opened  up.  To  effect  this, 
mechanical  force  must  be  employed.  Thus,  there  comes  about 
the  importance  to  the  ceramist  of  kneading  in  the  pugging  mill, 
or  wetting  and  drying,  and  particularly  of  freezing  and  thawing. 

Grout  **  found  that  all  of  the  clays  tested  by  him  were  improved 
in  plasticity  by  alternate  wetting  and  drying.  **  Shales  ground  to 
40  mesh  weathered  to  approximately  the  same  figures  as  the 
duplicates  at  100  mesh.  This  suggested  that  the  action  might 
be  largely  mechanical.  The  amounts  of  clay  (below  0.005  ^^^^^ 
in  shale  No.  63  were  determined  before  and  after  weathering. 
The  per  cent  rose  from  7.7  to  17.8  by  one  wetting  and  drying." 

Rolfe»*  states:  **  When  beds  of  kaolin  or  of  flint  clay  ♦  *  * 
are  exposed  to  the  action  of  the  weather  for  a  sufficient  length  of 
time  disintegration  takes  place  and  the  nonplastic  material  be- 
comes plastic.'*  (P.  28.)  Speaking  of  the  minerals  in  kaolin,  he 
says:  **  Admixtures  of  these  minerals  when  piu-e  form  a  white 
mass,  pixlverulent  or  easily  made  so  by  weathering,  and  but  little 
plastic  until  finely  ground,  but  its  lack  of  plasticity  is  probably 
due  to  cementation  of  its  grains."  (P.  27.)  He  says  of  flint 
clays:  ''There  is  a  class  of  clays  of  almost  stony  hardness  having 
a  conchoidal  fracture  and  a  structtu"e  so  like  flint  that  they  are 
commonly  known  as  flint  clays  *  ♦  *^  There  is  then  no  necessary 
relation  between  the  flinty  structure  and  their  chemical  composi- 
tion or  any  physical  property  except  plasticity.  All  flint  clays  are 
nonplastic.  Some  are  rendered  more  or  less  plastic  by  the  ordi- 
nary grinding  and  kneading  to  which  clays  are  subjected,  but 

**  Bureau  ol  Standards  Technologic  Paper  No.  Xi  p.  3. 

» I/)c.  dt. 

M  Illinois  SUte  Geol.  Surv.  Bull..  9,  p.  28;  1908. 
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some  are  not.*'  (P.  31.)  Speaking  of  gumbo  days,  he  says: 
*' These  are  composed  of  exceedingly  fine  clay-like  material  which 
packs  so  closely  that  water  passes  through  it  but  slowly.  It  was 
laid  down  in  still  water,  the  streams  which  brought  it  having 
deposited  all  sediment  coarser  than  the  finest  sand  and  clay, 
because  of  loss  of  velocity,  before  reaching  this  point.  It  is  very 
plastic  and  possesses  great  binding  power,  but  dries  slowly  and 
cracks  badly."     (P.  34.) 

Beyer  and  Williams  "  state :  *  'Although  pure  clays,  which  con- 
sist alone  of  kaolinitic  grains  are  commonly  nonplastic,  they 
frequently  possess  plasticity  or  may  be  made  to  exhibit  this  prop- 
erty by  pulverization  and  weathering  and  without  any  alteration 
of  their  composition.*' 

Finally,  it  may  be  noted  that  in  adding  sand  or  other  nonplastic 
material  to  plastic  clay  the  plasticity  is  lowered  less  in  proportion 
as  the  material  added  is  finely  divided. 

There  is  at  present  no  reliable  means  for  measming  plasticity. 
It  has  been  proposed  to  measure  various  other  properties  instead 
which  are  supposed  to  be  related  to  plasticity,  such  as  the  amotmt 
of  water  required  to  bring  the  clay  to  a  proper  consistency,  the 
tensile  strength  of  the  wet  clay  or  of  the  clay  after  drying,  of  the  ad- 
sorptive  power  of  the  clay  for  certain  dyes  such  as  malachite  green, 
of  the  shrinkage  on  drying,  or  of  a  combination  of  such  tests.  That 
there  is  a  relation  between  plasticity  and  these  other  properties  is 
thus  generally  recognized.  Thus  Purdy  *•  states:  **  Experimental 
evidence  indicates  that  variation  in  the  fineness  of  grain  controls 
many  of  the  physical  and  pjnrochemical  properties  exhibited  by 
clays.  Plasticity,  shrinkage  in  drying  and  binning,  tensile 
strength,  drying  properties,  rate  of  oxidation,  rate  of  vitrification, 
toughness  of  burned  ware,  and,  finally,  to  some  extent,  p)rro- 
metric  value  of  the  clay,  are  all  influenced  by  fineness  of  grain.'* 

The  following  table  is  compiled  from  the  work  of  Ptu"dy.  In 
column  I  are  given  the  names  of  the  clays;  column  2  shows  the 
relation  between  the  amount  of  surface  in  a  unit  volume  for  the 
different  clays;  column  3  gives  the  percentage  by  weight  of  dry 
clay  particles  of  diameters  ranging  between  zero  and  o.ooi  mm; 
column  4  gives  the  average  volume  shrinkage  in  percentage;  col- 
umn 5  gives  the  amotmt  of  water  needed  to  produce  maximum 
plasticity,  while  column  6  gives  the  excess  of  water  over  and 
above  that  required  to  fill  the  pores  of  the  dried  brick ;  column  7 

*  lowft  GeoL  Surv.,  14,  p.  89;  1904.  **  lUinols  State  GcoL  Surv.  Bull..  9,  p.  149;  1908. 
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gives  the  maximum  tensile  strength  in  kilograms  per  square  centi- 
meter. If  we  multiply  the  figtu-es  in  column  8  by  10  "  we  get  an 
idea  of  the  number  of  particles  in  i  gram  of  some  of  the  clays  used. 

TABLE  19 

Rektian  Between  Fineness  of  GnJn,  Columns  2,  3,  and  89  and  Shrinkage  on  Drying, 
Column  4,  Percentage  of  Wateti  Column  5,  jfocess  of  Water  Required  to  Produce 
Marimnm  Plasticity  over  tliat  Required  to  Fill  tlie  Pores,  Column  6,  and  tlie  TensUe 
Strength,  Column  7 


1 

2 

3 

4 

5 

• 

6 

7 

8 

H21 

783 
634 
604 
553 
514 
489 
444 
403 
397 
366 
356 
341 
331 
339 
300 
291 
287 
275 
262 
256 
254 
221 
195 

34.67 
27.30 
25.52 
23.97 
22.24 
21.40 
19.22 
15.32 
15.53 
15.72 
13.15 
13.96 
13.90 
12.94 
11.81 
11.79 
11.43 
10.85 
10.05 
9.76 
9.67 
7.77 
7.63 

18.0 
20.4 
18.3 
16.5 
10.1 

18.0 

21.4 

19.6 

18.3 

16.27 

14.4 

7.8 
10.3 
8.4 
8.0 
3.6 
6.4 

9.16 

23.41 

13.24 

8.21 

10.81 

13.74 

7.21 

12.97 

11.11 

9.25 

8.35 

9.93 

12.29 

9.52 

6.98 

5.22 

5.71 

5.36 

5.36 

7.35 

6.71 

8.16 

4.37 

1940 

H23 

1589 

KIO 

H20 

K4 

i-n 

H18 

K12 

12.7 
13.9 

13.35 
13.4 

5.7 
5.5 

Rl 

021 

K13 

10.5 
10.5 
12.2 
13.5 
9.6 

16.3 

16.82 

16.77 

3.6 
5.4 
4.8 

K32 

794 

K2 

829 

Kll 

K7 

17.57 

4.9 

R3 

K5 

5.2 
6.1 
7.5 
6.2 
6.1 
10.1 
3.5 

13.06 

13.2 

14.4 

14.9 

13.6 

17.03 

13.4 

1.8 
3.9 
3.3 
3.3 
2.5 
3.8 
1.9 

R4 

K8 

Kl 

560 

K14 

K6 

440 

K9 

Since  the  values  in  columns  2  and  3  are  quite  closely  parallel, 
either  may  be  taken  as  a  measure  of  the  fineness  of  grain.  There 
is  certainly  a  very  definite  relation  between  fineness  of  grain  and 
the  amount  of  water  in  excess  of  the  pore  space  in  the  dried  brick 
required  to  produce  plasticity.  There  is  a  relation  between  fine- 
ness of  grain  and  percentage  volume  of  shrinkage,  but  it  is  less  well 
marked,  and  the  relation  to  the  tensile  strength  of  the  dried  mate- 
rial is  also  clear  but  even  less  marked. 

Measurements  of  the  tensile  strength  of  the  dry  material  are 
particularly  open  to  objection  as  a  measure  of  plasticity,  since  the 
tensile  strength  must  depend  largely  upon  the  amount  of  soluble 
cementing  material,  which  in  turn  depends  upon  other  factors 
than  the  fineness.     It  has  been  repeatedly  observed  that  materials 
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are  plastic  when  ground  wet  which  are  nonplastic  when  ground 
dry.  Probably  in  each  case  the  plasticity  is  estimated  on  the  basis 
of  the  tensile  strength.  We  understand  that  the  United  States 
Ofl&ce  of  Public  Roads  and  Rural  Engineering  formerly  tested 
materials  for  their  binding  power  uniformly  in  both  the  wet  and 
dry  condition,  and  that  it  was  a  universal  experience  that  wet 
grinding  gave  the  greater  binding  power.  It  should  not  be  over- 
looked that  here  chemical  composition  of  the  material  is  of 
importance. 

No  work  seems  to  have  been  done  on  the  flow  of  plastic  sub- 
stances through  long  tubes  as  a  meastu^  of  plasticity.  Some  work 
has  been  done  on  the  flow  of  such  materials  through  orifices,  which 
corresponds  to  the  conditions  necessary  for  hydraulic  flow.  The 
effort  has  been  made  to  measure  the  so-called  "  viscosity  "  of  plastic 
materials  such  as  paint  by  means  of  paddle-wheel  viscometers  or 
instruments  of  that  t3rpe.  It  is  quite^  possible  that  measurements 
with  this  latter  t3rpe  of  instrument  have  the  highest  significance, 
but  it  is  manifest  that  instead  of  expressing  the  results  in  terms  of 
''viscosity'*  they  should  be  based  on  the  application  of  the  laws 
of  plastic  flow. 

Among  the  experiments  with  orifices,  Bleininger  and  Ross^ 
have  shown  that  the  more  plastic  substances  require  the  most 
water  to  render  them  plastic,  but  that  all  require  about  the  same 
force  of  50  pounds  per  square  inch  to  start  the  flow.  This  seems 
to  be  equivalent  to  saying  that  in  their  most  workable  condition  all 
clays  should  have  about  the  same  friction,  but  since  for  a  given 
friction  the  most  plastic  clays  will  contain  the  most  water,  they 
will  have  the  highest  mobility  and  slippage. 

Simonis^  made  some  interesting  experiments  using  40  g  of 
Zettlitz  earth  made  up  with  100  g  of  water  and  to  which  were 
added  successive  portions  of  a  dilute  solution  of  sodium  hydroxide 
containing  1.795  g  per  liter.  The  pressures  seem  to  have  been 
measured  in  centimeters  of  water  head  and  the  volume  of  flow  in 
the  number  of  cubic  centimeters  which  would  flow  in  600  seconds. 
He  measured  the  flow  of  16  mixtures  and  ptu-e  water,  designated 
by  the  numbers  given  on  the  curves  in  Fig.  12.  The  amotmts 
of  sodium  hydroxide  added  are  given  in  the  second  column  of 
Table  20. 


"  TtBiis.  Axner.  Cenm.  Soc.,  16,  p.  393;  19x4. 
50239*^—16 12 


*  SprediMMj,  88.  pp.  597.  88x.  1635;  1905. 


348 


BuUetin  of  the  Bureau  of  Standards 


iva.  13 


8 


v4 

9i 

,    « 

s 

;  « 

S 

s 

3g 

)  0 

1     v^ 
1     v^ 

1 

:| 

1^ 

1 

1^ 

i  0 

1^ 

1 

II 

8 

«"S"SS8S§S 

i   01  m  m  •«  0   0   0 

i  8  J5  3.2  ^  *  ° 

0 
•   0 

:   1 

•  0       ; 

•  0     • 

:   1    : 

S 

s " :; "  s "  s  s  15  g  g  1  § 

S 

g- 

^                                    ^                                                                             1-1      fH 

s 

•  -  0  c  0  -  0  ,  0  g  g  g  g  1  g  2  g 

s 

; : '  s ' « '  8  s  1  i  s  § 

v» 

• 

* 

1 

^is 

'■%l 

■ 

0 

i    m    0 

}Si 

^»°8i?58li 

^ 

i~"SaSa§SI&S&Ss 

n 

issgs 

ss 

:  8  *=» 

— -" 

:  S  * 

:9s93§§§3 

(noo»Noor«t«N«p 

1  1  1  1  1  1  1  1  1  1 

i2§3S3S  : 

r«. 

SillJSS 

a 

Li 

§sss 

8S 

^ 

1 

«• 

1^ 
1^ 

J 

^ 

i 

J 

'c 

*  «— 

J 

0 

J 

1 

-9 

1 

-2 

j 

.1 

J 

J 

t  «0 

l«  t— 

•A    lA 

H 

ni 

K 

ON'«v)«Ot<»MOiO<^r««-«0 

i 

v4 

M 

«l» 

-♦ 

m 

« 

r« 

m 

01 

s 

ti4 

r« 

««4 

s 

Plastic  Flow 


349 


iuam 


I    :  I    :  I    :  I    : 


til 


ssssssss 


§§g§s§§§ 


SISSSS 


g§ 


s§ 


a      8      8      8 


^         \n 


» 


350 


Bulletin  of  the  Bureau  of  Standards 


[VcLts 


The  curves  are  nearly  linear  except  when  the  volume  of  flow  is 
small.  The  curvature  is  again  probably  due  to  seepage  as  in  our 
own  experiments.  The  horizontal  distance  of  the  different  curves 
from  the  curve  No.  lo  is  evidently  a  measm^e  of  the  friction  con- 
stant.    The  values  of  the  friction  constant  /  as  obtained  graphi- 


PRESSURE 

Fio.  12. — Plastic  flow  from  an  orifice. 


Adapted  from  Simonis 


cally  are  given  in  the  table.     We  may  calculate  these  values  by 
means  of  the  formula 

/' =  154-14.1  c 

where  c  represents  the  number  of  cubic  centimeters  of  sodium 
hydroxide  added.     It  appears,  therefore,  from  a  comparison  of 
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the  values  of  /  and  /'  that  Simoms's  experiments  confirm  our  con- 
clusion from  our  own  experiments  that  the  friction  is  a  linear 
function  of  the  concentration.  We  note  that  the  friction  con- 
stant continually  decreases  as  the  water  is  added  until  ii  cm' 
have  been  added,  after  which  fiulher  additions  have  no  effect 
upon  the  rate  of  flow. 

The  fact  that  the  curves  are  sensibly  parallel  constitutes  a  remark- 
able difference  between  his  results  and  our  own.  The  fact  that 
his  curves  are  parallel  signifies  that  all  of  the  plastic  mixttu'es 
have  the  same  mobility  and  that  all  of  the  viscous  mixtures  have 
the  same  fluidity,  or  what  amotmts  to  the  same  thing,  the  rate  of 
flow  is  independent  of  the  fluidity  or  mobility.  This  is  charac- 
teristic of  the  flow  through  an  orifice,  where  the  rate  of  flow,  as 
calculated  from  equation  la  or  equation  15,  is 


V 


since  /  is  equal  to  zero.  It  appears,  therefore,  that  Simonis's 
experiments  are  to  be  regarded  as  a  study  of  the  hydratdic  flow 
of  plastic  materials. 

We  can  calculate  the  higher  rates  of -flow  quite  accurately  by 
means  of  the  formula 

[7=23.4  (P-/0 +  168.7 

as  seen  in  Table  20.  The  agreement  between  the  observed  and 
calculated  values  decreases  as  the  rate  of  flow  is  lowered. 

VI.  MODELS  OF  PLASTIC  FLOW 

It  was  thought  that  the  views  of  the  nature  of  plastic  flow  here 
presented  might  be  more  convincing  if  a  working  model  could  be 
constructed.  Ottawa  sand  of  specific  gravity  of  2.638  and  20  to  30 
mesh  was  fotmd  to  have  a  pore  space  of  34.5  per  cent.  Coal-tar 
pitch  of  specific  gravity  of  1.28  was  added  to  two  portions  of  the 
sand  to  the  extent  of  30  and  40  per  cent  by  volume.  These  mate- 
rials after  being  thoroughly  mixed  were  made  into  briquettes  4  by  i 
by  I  cm  and  laid  on  two  supports  3.3  cm  apart.  In  Figs.  13  and  14 
a  briquette  of  the  pure  pitch  is  shown  at  a,  the  second  photograph 
being  taken  28  days  later  than  the  first.  It  is  evident  that  the 
pitch  is  a  viscous  liquid  since  it  flows  readily  under  the  very  small 
force  here  exerted  by  gravity.  The  material  with  40  per  cent 
pitch,  (6) ,  is  only  less  fluid,  being  still  viscous,  as  shown  by  the 
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marked  sagging.  The  material  with  30  per  cent  pitch  (c)  is  still 
less  fluid,  but  it  can  hardly  be  called  plastic  since  there  is  very 
perceptible  sagging,  and  yet  the  pitch  is  considerably  less  than 
sufficient  to  fill  the  pore  spaces  completely,  so  that  the  material 
is  lacking  in  strength.  It  may  be  said  therefore  that  the  coarse 
sand  is  nonplastic. 

Some  of  the  coarse  sand  was  ground  and  passed  through  a  20- 
mesh  sieve,  and  with  this  briqtiettes  were  made  containing  40  and 
45.5  per  cent  of  pitch.  We  see  in  Fig.  14  (d)  that  with  even  as 
high  as  45.5  per  cent  of  pitch  the  fluidity  is  very  slight.  With  40 
per  cent  {e)  we  have  a  truly  plastic  material  since  now  after  the 
elapse  of  several  months  the  sagging  is  hardly  perceptible.  And 
it  may  be  added  that  the  material  has  very  great  strength. 

Vn.  SUMMARY 

1.  The  various  tjrpes  of  viscous  and  plastic  flow  have  been 
considered  theoretically.  According  to  the  circumstances  of  the 
flow  the  viscosities  may  be  additive,  the  fluidities  may  be  addi- 
tive, or  slipping  or  seepage  may  enter  in  to  affect  the  character  of 
the  flow.  The  possible  separation  of  the  components  of  a  mixture 
by  means  of  flow  has  been  considered.  It  has  been  shown  that  in 
a  suspension  of  solid  particles  in  a  liquid  there  must  be  a  dissipation 
of  energy  when  the  solid  particles  collide,  as  they  must  collide 
if  the  layers  of  the  suspension  move  over  each  other.  This 
dissipation  of  energy  follows  the  laws  of  ordinary  friction  and  not 
the  laws  of  viscosity. 

2.  Measurements  have  been  made  upon  the  flow  of  clay  sus- 
pensions of  different  concentrations  through  capillaries  of  varying 
dimensions  and  at  two  temperatures. 

3.  It  is  shown  that  plastic  flow  can  be  sharply  differentiated  from 
viscous  flow  by  the  "friction"  necessary  to  start  plastic  flow. 
The  friction  is  a  linear  function  of  the  volume  concentration.  It 
is  also  affected  by  the  presence  of  alkalies  or  acids,  but  it  is  inde- 
pendent of  the  length  or  diameter  of  the  capillary  as  well  as  the 
temperature  of  the  medium. 

4.  For  medium  pressure  the  rate  of  efflux  is  given  by  the  formula 

,v^K{P^f), 

where  P  is  the  pressure,  /  is  the  friction,  and  iC  is  an  arbitrary 
constant.  The  experiments  indicate  that  at  low  pressures  seepage 
takes  place  causing  a  perceptible  change  in  the  concentration,  and 
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that  at  high  pressures  there  is  slipping  which  under  certain  circum- 
stances may  cause  a  sudden  increase  in  the  rate  of  flow. 

5.  The  fluidity  becomes  zero  at  the  concentration  of  solid  where 
the  plastic  flow  begins ;  that  is,  where  the  friction  begins  to  have 
a  positive  value.  This  concentration,  where  the  particles  are  able 
to  form  a  bridge  across  the  capillary  space,  is  reached  long  before 
the  concentration  corresponds  to  close  packing  of  the  solid  parti- 
cles. For  very  fine-grained  material  the  range  between  the  con- 
centration giving  zero  fluidity  and  the  concentration  corresponding 
to  close  packing  will  be  much  greater  than  in  coarse-grained 
material. 

6.  The  "mobility"  of  suspensions  has  been  defined  and  calcu- 
lated. The  mobility  decreases  very  rapidly  from  its  maximum 
value  in  the  concentration  which  has  zero  fluidity  to  a  value  not 
far  from  zero  in  the  mixture  which  corresponds  to  close  packing  of 
the  solid  particles.  The  mobility  increases  with  the  fluidity  of  the 
meditun,  but  it  is  also  greatly  affected  by  the  presence  of  alkalies 
or  acids. 

Washington,  March  2,  191 6. 
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L  INTRODUCTION 

Data  on  the  distribution  of  energy  in  the  visible  spectrum  of  a 
standard  source  of  light  are  frequently  needed  by  experimenters 
who  are  not  in  a  position  to  determine  for  themselves  the  energy 
distribution.  Frequent  requests  for  such  data  have  come  to  this 
Bureau  and  an  attempt  has  been  made  to  supply  the  desired 
information. 

The  acetylene  flame  appears  to  be  a  promising  light  source, 
having  a  high  intensity  and  a  white  color.  During  the  past  six 
years  the  distribution  of  energy  in  the  visible  spectnun  of  this 
flame  has  been  subjected  to  numerous  investigations. 

In  a  previous  communication  ^  data  were  published  on  the 
spectral  energy  distribution  of  a  flat  acetylene  flame  radiating 

*  AdditifOOAl  copies  of  this  pttbHcatkm  nay  be  procured  from  the  Superintendent  of  Docttmcnts,  Wash, 
iaston,  D.  C,  at  5  cents  per  copy. 
>  Cobkntz,  this  Bulletin,  7,  p.  943, 19x1;  reprinted  in  vol.  9,  p.  X09, 191  a. 
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edgewise  into  the  slit  of  a  mirror  spectrometer,  containing  a 
fluorite  prism  and  a  vacuum  bolometer.  The  energy  distribution 
in  the  region  of  the  spectrum  from  the  blue  to  the  extreme  violet 
was  obtained  with  a  spectrometer  containing  plano-convex 
lenses  and  a  quartz  prism.  The  investigation  showed  that  the 
energy  distribution  was  a  function  of  the  thickness  of  the  flame. 
This  variation  of  emissivity  with  thickness  of  the  flame  was  fotmd 
to  be  very  marked  in  the  infra-red,  and  continued  to  be  appreci- 
able into  the  visible  spectrum — ^at  0.68^. 

The  demand  arising  for  more  precise  data,  the  investigation 
was  undertaken  anew  in  191 3,  using  more  sensitive  radiation 
instruments,  which  permitted  making  more  precise  measure- 
ments in  the  blue  and  violet  parts  of  the  spectrum.  It  was  then 
found  that  in  the  flat  acetylene  flame,  observed  flatwise  and  also 
edgewise,  the  variation  in  emissivity  with  thickness  was  even 
more  marked  throughout  the  spectrum  than  previously  recorded. 
From  this  it  appears  that  the  distribution  of  energy  in  a  flat 
acetylene  flame  can  not  be  standardized.  Jflowever,  the  cylin- 
drical flame  from  a  specified  burner  seemed  to  give  sufficiently 
concordant  results  to  warrant  its  use  as  a  standard  of  light  for 
investigations  which  do  not  require  the  highest  attainable  pre- 
cision, in  the  spectral  energy  distribution. 

Important  op6cal  work,  emplo3dng  light  stimtdi,  is  being  done 
with  spectrometers  having  collimating  lenses  of  glass  and  of 
quartz.  The  question  arose  as  to  whether  the  energy  distribution 
can  be  determined  with  an  achromatic  doublet,  and  especially 
with  a  plano-convex  quartz  lens,  provided  corrections  are  made 
for  changes  in  aperture  with  change  in  wavelength.  The  investi- 
gation of  the  plano-convex  quartz  lens  for  spectral  energy  dis- 
tribution as  compared  with  a  mirror  spectrometer  (which  is  the 
recognized  method,  for  making  spectral-energy  measurements) 
was  made  about  two  and  one-half  years  ago;  but  the  data  were 
not  published. 

Recently  in  connection  with  an  investigation  of  the  visibility  of 
radiation,  a  wide  aperture,  achromatic  doublet  (computed  by 
E.  D.  Tillyer)  was  subjected  to  test  for  spectral  energy  distribu- 
tion. The  data  obtained  are  in  complete  agreement  with  those 
obtained  with  the  mirror  spectrometer,  and  also  with  the  spec- 
trometer having  plano-convex  quartz  lenses.  These  data  are  not 
in. agreement  with  those  previously  published  *  on  the  fliat  fisant 

t  'fbjg  Bttlktia.  7,  p.  143;  t^n. 
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viewed  edgewise.  The  former  data  are  therefore  withdrawn  in  view 
of  the  diflSculty  in  using  a  flat  flame,  viewed  edgewise,  and  in  view 
of  the  apparently  greater  reliability  of  the  present  data  on  the 
cylindrical  flame  of  the  dimensions  specified.  In  giving  the  new 
data  it  is  to  be  emphasized  that  whenever  possible  the  energy, 
distribution  of  the  acetylene  flame  used  should  be  determined 
experimentally,  at  least  in  the  red  and  yellow  part  of  the  spectrum, 
where  the  intensity  is  high  (hence  easy  to  observe)  and  is  subject 
to  variations  (in  the  red)  with  thickness  of  the  radiating  layer  of 
the  flame.  In  the  region  of  the  spectrum  extending  from  the 
yellow  to  the  extreme  violet  the  energy  distribution  of  all  acetylene 
flames,  whether  cylindrical  or  flat  (examined  flatwise  and  edge- 
wise) ,  was  found  to  coincide,  indicating  that  the  radiation  is  suffi- 
ciently saturated  so  that  the  data  given  herewith  may  be  con- 
sidered applicable  to  the  various  acetylene  burners  commonly 
used. 

However,  as  already  stated,  in  the  region  from  the  red  toward 
the  longer  wave  lengths  the  emissivity  is  greatly  affected  by 
change  in  thickness  of  the  flame  so  that  it  is  important  to  use  a 
cylindrical  flame  of  the  dimensions  specified  in  order  to  insure 

acciuacy. 

XL  EXPERIMENTAL  DATA 

1.  THE  AGBTTLBNB  FLAMB 

The  data  given  in  this  paper  pertain  to  a  cylindrical  acetylene 
flame,  produced  by  a  single-jet  "Crescent  Aero''  burner,*  con- 
suming one-fourth  cubic  foot  of  gas  per  hour.  The  acetylene  gas 
was  made  from  commercial  calcium  carbide.  It  was  produced  by 
an  automatic  generator  ^  and  supplied  to  the  burner  imder  a  water 
pressure  of  7.5  cm  (as  measured  at  the  outlet). 

The  automatic  generating  apparatus  supplied  the  gas  at  a  very 
uniform  pressiue,  which  is  important  in  accurate  work. 

The  height  of  the  luminous  part  of  the  flame,  as  measured  from 
the  lava-tip  burner,  was  about  3.5  cm  and  the  thickness  was 
about  3  mm.  No  doubt  other  makes  of  burners  giving  a  flame 
of  the  dimensions  herein  specified  will  give  similar  results.  In 
the  recent  investigation  the  flame  was  placed  a  short  distance 
(about  15  mm)  from  the  spectrometer  slit,  which  was  either  4  or 
1 2  tntn  in  height.  In  this  manner  the  spectral  energy  distribution 
of  a  height  of  4  nun  and  of  12  mm  of  the  thickest  part  of  the 
flame  was  obtained.     (See  Fig.  i.) 

*  Otitaincd  from  the  Crctoat  Bonier  liamifactariiic  Co..  New  York. 

«  A ''  Pilot.  Modd  D."  Metykne  fcnerator  made  by  the  Acctykne  Appwstias  Mfg.  Co. .  Cliia«o.  HI. 
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The  acetylene  flame  has  been  employed  in  this  Bureau  in  radio- 
metric investigations  extending  over  a  number  of  years,  and  it 
has  proven  a  very  convenient  and  constant  source  of  reuliation. 
A  photometric  investigation  of  the  acetylene  flame  as  a  source  of 
light  for  standardizing  photbgraphic  plates,  made  by  Jones/  also 
shows  a  great  constancy  in  the  behavior  of  this  (flame)  source  of 
radiation. 

The  acetylene  flame  is,  of  course,  subject  to  agitation  by  air 
currents,  but  it  is  easily  rendered  steady  by  the  simple  device  of 

having  it  situated  at  a  distance  of  about  3  mm 

from  a  sheet  of  metal,  which  is  perforated  by  a 

slit  2  mm  wide  and  6  to  1 2  nun  high,  depending 

,« ^  ^,,  of  course  upon  the  use  to  which  the  flame  is  to 

I        '/yVi'  ^  P^^  ^^^  illumination.    Such  a  simple  shield, 

shown  in  Fig.  2  A ,  has  been  used  satisfactorily  in 
the  various  investigations  made  in  this  Bureau 
during  the  past  six  years.  In  order  to  make  a 
light-tight  inclostu^  a  shield  has  recently  been 
provided  which  is  of  the  form  shown  in  Fig.  2  B. 
However,  for  steadying  the  flame  the  device  does 
not  appear  to  be  any  more  efficient  than  a  strip 

X\ffi/  ^^  sheet  iron,  about  15  cm  long  and  10  cm  wide, 

— j33L  bent  into  the  form  shown  in  Fig.  2  A. 

2.  THE  SPECTRORADIOMBTBRS 

The  data  presented  in  this  paper  are  based 
upon  the  spectral  energy  distribution  obtained 
with  three  different  types  of  spectroscopes  dif- 
fering widely  in  dispersion  and  differing  entirely 
in  construction  of  the  optical  parts. 
Spectroradiometer  No.  j. — ^The  spectroradiometer  having  the 
smallest  dispersion  and  the  highest  intensity  of  radiation  con- 
sisted of  (i)  a  pair  of  plano-convex  quartz  lenses  (cut  perpen- 
dicular to  the  optic  axis)  18  cm.  in  focal  length  and  6  cm.  in 
diameter,  (2)  a  60**  quartz  prism,  and  (3)  a  radiometer  consisting 
of  a  bismuth-silver  thermopile  and  aiudliary  galvanometer,  both 
of  which  instruments  have  been  described  in  previous  communi- 
cations in  this  Bulletin.  In  order  to  obtain  a  normal  spectral 
energy  curve  from  the  data  obtained  with  this  outfit  it  is  necessary 
to  apply  corrections  (i)  for  reflections  from  the  faces  of  the  prism 


Fig.  I. — Acetylene 
burner  and  flame 


*  Jones.  Trans.  Ilium.  Bng.  Soc.,  0,  p.  7x6:  19x4. 
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and  the  lenses  (column  6,  Table  i),  (2)  for  change  in  slit  width 
with  change  in  focal  length  (column  5,  Table  i),  and  (3)  for 
change  in  energy  intercepted  with  change  in  aperture  with  focal 
length.  The  latter  correction  is  important  because  the  factor 
enters  as  the  square  of  the  focal  length.  These'  data  are  given  in 
column  7  of  Table  i.  The  complete  data  for  reducing  the  pris- 
matic energy  distribution  to  normal  are  given  in  column  8  of 
Table  i .  They  are  to  be  considered  supplementary  to  the  optical 
constants  of  quartz  previously  published.*  The  distribution  of 
energy  in  the  spectrum,  obtained  from  the  observations  when 
using  this  quartz  spectrometer  outfit,  is  given  in  Pig.  3.  The  data 
are  in  excellent  agreement  with  those  obtained  with  other  spectro- 
radiometers  having  a  much  larger  dispersion.  In  the  extreme 
violet  the  energy  is  probably  a  trifle  high,  due  to  the  presence  of 
diffuse  light. 

TABLE  1 

Data  te  Redoeing  Prkmatic  Spectral  Energy  Cunres  to  Iloniial  when  Using  a 
Spectrandiometer  Consisting  01  a  60^  Quartz  Prism  and  a  Pair  of  Plano-CooTez 
Quartz  Lenses  Having  a  Focal  Length  of  18  cm  lor  Xs0.5876m 
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Spectroradiometer  No.  2. — ^The  second  outfit  used  in  the  energy 
measurements  in  the  spectrum  of  the  acetylene  flame  consisted  of 
a  spectrometer  with  (i)  silvered-glass  mirrors  50  cm.  in  focal  length, 
(2)  a  perfectly  clear,  60®,  fluorite  prism,  and  (3)  a  vacuum  bolom- 
eter. This  outfit  has  been  described  in  a  previous  communica- 
tion,^ in  which  data  are  given  for  eliminating  the  absorption  in 
the  silver  mirrors  and  for  reducing  the  observations  to  a  normal 
spectrum.  In  a  mirror  spectrometer  the  question  of  achromatism 
does  not  enter  into  the  work,  and  the  change  in  astigmatism  is 
inappreciable.  Owing  to  the  larger  dispersion  which  obtained  in 
this  spectroradiometric  outfit  (about  twice  that  of  spectroradiometer 

No.  i)  and  the  small  aperture  of 
the  prism,  the  energy  measure- 
ments could  not  be  extended  into 
the  extreme  violet.  The  data  are 
in  excellent  agreement  (Fig.  3) 
with  those  obtained  with  the  other 
spectroradiometers.  As  already 
mentioned,  the  investigation  of 
the  acetylene  flame  with  these  two 
instruments  was  for  the  purpose  of 
testing  the  quartz-lens  outfit  as  a 
spectroradiometer  and  for  obtain- 
^^  ing  data  on  the  acetylene  spectrum 

.— *=U  jjj  ^jj^  extreme  violet.    The  data 

I  pertaining  to  these  two  spectro- 

^  ^      radiometers  were  obtained  some 

years  ago,  but  never  published. 
Spectroradiometer  No.  3. — ^The  data  recently  obtained  relates  to 
a  spectroradiometer  having  (i)%chromatic  lenses  (cemented  dou- 
blets computed  by  E.  D.  Tillyer)  5  cm  in  diameter  and  31  cm  in 
local  length,  (2)  a  60°  prism  of  light  flint  glass,  and  (3)  a  bismuth- 
silver  thermopile,  in  a  monochromatic  illuminator  mounting." 

The  calibration  and  slit-width  cmve  of  the  prisms  used  in  the 
two  preceding  spectroradiometers  were  obtained  from  the  refractive 
indices.  Not  knowing  the  refractive  indices  of  the  flint-glass 
prism  the  scale  of  wave  lengths  was  calibrated  by  noting  the 
spectrometer  circle  readings  for  various  helium  lines,  from  a 
vacuum  tube  operated  on  a  2000-volt  transformer.    The  spectrom- 


FiG.  2. — Shields  for  an  acetylene  flame 


Y  This  BuOctiB,  10.  p.  i;  1913. 


*  This  Bulletin,  11,  p.  X54;  19x4. 
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eter  was  provided  with  an  automatic  device  for  maintaimng  the 
prism  at  minimum  deviation,  the  fiducial  point  being  the  yellow 
helium  line  X*o.5876m  and  the  spectrometer  circle  reading  being 


isa 


Flo.  ^.'^Entrgy  dUlribution  in  the  vUihU  sputum  of  a  cytindrical  acdyUns  flame  as 

observed  tnth  three  types  tf  spedroradiomeiers 

310^  00'  00",  as  shown  in  Fig.  4.  This  illustration  gives  the 
calibration  curve  and  the  curve  of  slit  widths  for  reducing  the 
prismatic  energy  measurements  to  the  normal  spectrum.  For 
the  information  of  those  who  are  not  thoroughly  familiar  with  the 
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subject,  it  may  be  added  that  the  sht  widths  were  obtained  by 
noting  the  wave  lengths  for  any  two  spectrometer  settings  which 
are  lo  minutes  apart.  The  difference  in  wave  lengths  of  these  two 
settings  is  the  slit  width  (in  wave  lengths)  at  the  mid-point  of 
these  two  spectrometer  circle  readings. 

The  flint-glass  prism  and  the  3 1  cm  f  ocal-l£ngth  lens  produced 
a  dispersion  which  is  about  four  times  that  of  the  quartz  outfit  in 
spectroradiometer  No.  i ,  the  actual  length  of  the  spectnmi  being 

9cr  -- 


Pig.  4. — Calibratioiu  and  tlit-vridth  corudion  eurvts  of  aflint-glait  prifm,  B.S.  342gB 

about  14  mm  between  the  red  and  the  blue- violet  helium  lines 
(X  =  0.667/1  to  X  =  0.44 7m)-  However,  the  wide  aperture  of  the 
lenses  (and  prism)  produced  sufficient  intensity  so  that  it  was 
possible  to  extend  the  observations  into  the  violet,  where  the 
absorption  of  the  prism  becomes  apparent,  as  shown  in  Fig.  3. 
Throughout  the  spectrum  the  data  obtained  with  this  apparatus 
are  in  excellent  agreement  with  those  obtained  with  tie  two 
preceding  spectroradiometers.  The  slits  used  were,  respectively, 
4  and  12  mm  in  height,  as  already  mentioned,  and  the  energy 
curves  of  the  acetylene  flame  were  found  in  coincidence  through- 
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out  the  whole  region  to  X«o.75/i  when  they  were  in  coincidence 
to  I  part  in  180. 

In  view  of  the  difficulties  experienced  in  radiometric  work  it 
may  be  added  that  such  investigations  are  best  made  in  the  sum- 
mer (between  May  and  September) ,  when  there  is  only  a  small 
difference  of  temperature  within  and  without  the  laboratory. 
In  this  manner  one  can  make  galvanometer  readings  to  0.1  mm 
in  July  that  can  not  be  read  closer  than  0.3  to  0.5  mm  in  mid- 
winter. 

m.  DISCUSSION  OF  DATA 

The  observations  on  the  energy  distribution  of  a  cylindrical 
acetylene  flame  made  with  three  different  tjrpes  of  spectroradi- 
ometers  are  shown  graphically  in  Fig.  3.  They  are  in  excellent 
agreement  throughout  the  spectrum.  The  data  read  from  the 
curve  drawn  through  these  observations  are  given  in  Table  2. 

As  mentioned  on  a  preceding  page,  the  present  data  supersede 
those  published  some  years  ago  in  view  of  the  greater  certainty 
in  the  reproducibility  of  conditions  which  obtain  in  a  cylindrical 
flame  as  compared  with  a  flat  flame,  to  which  the  previously 
oublished  data  apply,  when  that  flame  was  used  edgewise. 
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IV.  SUMMARY 

This  paper  gives  numerical  data  on  the  distribution  of  energy 
in  the  visible  spectrum  of  a  cylindrical  acetylene  flame  from  a 
certain  type  of  burner  and  operated  under  certain  conditions.  In 
the  region  of  the  spectrum  extending  from  the  yellow  to  the  violet 
the  spectral  energy  distribution  of  all  the  flames  examined  ap- 
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pears  to  be  the  same,  within  the  limits  of  observation.  On  the 
other  hand,  in  the  region  of  the  spectrum  extending  from  the 
red  toward  the  long  wave  lengths,  the  emissivity  is  greatly 
affected  by  variation  in  thickness  of  the  radiating  layer  of  incan- 
descent particles  in  the  flame.  Hence,  m  and  beyond  the  red 
part  of  the  spectrum  the  data  apply  only  to  cylindrical  flames 
which  are  operated  under  specified  conditions. 

V.  ADDITIONAL  DATA 

Since  the  completion  of  the  measurements  just  described  an 
opportunity  was  presented  to  determine  the  distribution  of  energy 
in  the  visible  spectrum  of  the  *'Bray"  tip"  (X-foot capacity) 
used  by  Dr.  Nutting  in  his  researches  on  the  visibility  of  radi- 
ation.*®  This  burner  gives  a  cylindrical  flame  which  is  about 
5  cm  high  and  slightly  greater  in  diameter  than  the  one  just 
described.  This  lamp  has  been  thoroughly  investigated"  as  a 
standard  of  light,  giving  a  high  intensity;  and  it  appears  to  be 
very  reliable  in  operation."  This  flame  may  be  more  useful  than 
the  one  just  described  in  view  of  its  larger .  dimensions.  This 
permits  operating  it  under  various  pressures  without  seriously 
affecting  the  energy  distribution. 

The  light  from  this  flame  is  emitted  through  an  opening  3  mm 
in  height.  For  certain  radiometric  work  it  would  be  better  to 
use  an  opening  4  to  5  mm  in  height. 

The  distribution  of  energy  in  the  visible  spectruni  was  deter- 
mined with  spectroradiom^ter  No.  3,  when  the  flame  was  operated 
on  its  normal  (90  mm)  water  pressure;  also  on  a  water  pressure 
of  73  mm.  The  two  energy  curves  coincided  within  the  limits 
of  experimental  error,  showing  that,  although  the  candlepower 
had  changed,  the  color  had  not  changed  very  markedly.  There 
was  a  slight  indication  of  a  higher  emission  at  0.75  /i  (redder 
flame)  when  operated  on  a  pressure  of  73  mm;  but  it  amounted 
to  only  about  i  per  cent. 

The  distribution  of  energy  in  the  flame,  from  the  ''Bray"  and 
the  "Crescent  Aero''  burners,  is  the  same  throughout  the  visible 
spectrum  to  0.70  Mi  where  the  former  begins  to  increase  in  emis- 
sivity, as  given  in  the  last  coltmm  of  Table  2. 

Washington,  January  18,  1916. 


•  Thorn  and  Hoddle  Acetylene  Co.,  London,  England;  Cianoi  New  York. 

M  NtxtUng,  Tians.  lUam.  Eng.  8oe.,  9,  p.  (03;  1914. 

u  Jones,  Trans,  ninm.  Bng.  Soo.,  9,  p.  716;  1914. 

» Copies  may  be  obtained  from  the  Researob  Laboratory,  Eastman  Kodak  Co., 
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FURTHER  EXPERIMENTS  ON  THE  VOLATILIZATION 

OF  PLATINUM 


G.  K.  Bi]ige«»  Pbyiicift,  and  R.  G.  Walteobeig,  Anistant  Physicist 


The  experiments  here  described  are  an  extension  of  those  of 
Burgess  and  Sale,'  undertaken  at  the  suggestion  of  Dr.  W.  P. 
Hillebrand,  chairman  of  the  committee  on  quality  of  platinum 
utensils  of  the  American  Chemical  Society.  In  the  earlier  papers 
are  described  a  convenient  thermoelectric  method  of  testing 
platinum  purity  and  observations  on  loss  of  weight  of  crucibles 
subjected  to  heating  at  1200^  C  and  subsequent  acid  treatment, 
together  with  certain  magnetic  and  photomicrographic  observa- 
tions. 

The  present  investigation  consists  of  a  series  of  observations 
on  change  in  weight  of  several  platinum  crucibles  of  various 
degrees  of  purity  when  subjected  to  heating  at  700®,  1000**,  and 
1200**  C.  Determination  of  the  loss  of  iron  content  after  succes- 
sive heatings  and  of  other  materials  soluble  in  hydrochloric  acid 
have  also  been  made,  as  well  as  a  few  observations  by  treatment 
with  hydrofluoric  acid  to  detect  the  presence  of  silica,  which  may 
come  largely  if  not  entirely  from  the  marquardt  porcelain  portions 
of  the  furnace  described  in  previous  papers,  to  which  papers 
reference  should  also  be  made  for  the  details  of  apparatus  and 
methods. 

The  choice  of  heating  temperatures  of  700®,  1000^,  and  1200®  C 
proved  a  fortunate  one,  in  that  it  not  only  covers  the  temperature 
,  range  to  which  platinum  crucibles  are  ordinarily  subjected  in 
practice,  but  besides  it  so  happens  that  there  also  occurs  within 
this  temperature  interval  a  reversal  from  a  loss  to  a  gain  in  weight 
of  all  grades  of  platinum  ware  observed  in  this  investigation. 

J.  flf  lad.  aad  Bog.  Choniikryt  ^»  P-  4S*»  X9U;  '»  P>  s6t,  1915;  SrifntWc  Pftpcr  No.  t54t  tliis  Buratt. 
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The  observations  and  the  numerical  inferences  from  them  are 
recorded  in  Tables  i  and  2  for  the  seven  crucibles  of  this  investiga- 
tion, ranging  from  the  purest  thermoelement  and.*'tiegel  platin" 
ware  of  Heraeus  to  crucibles  containing  up  to  2.7  per  cent  iridium 
and  8  per  cent  rhodium  and  with  divers  amounts  of  iron  and 
other  unknown  soluble  materials  (including  probably  Pt  itself, 
which  in  presence  of  Fe  is  slightly  soluble  in  HCl)  also  as 
impurity.  Five  of  these  crucibles — all  except  I  and  II,  which  are 
practically  new — ^had  been  used  in  the  previous  investigation  at 
1200**  C. 

The  crucibles  which  had  been  previously  heated  at  1200°  C 
were  heated  at  1000^  C  and  then  at  700°  C ;  the  others  were  heated 
in  the  reverse  order:  700°,  1000°,  and  1200°  C.  When  crucibles 
have  been  prepared  for  use  by  strong  ignition  and  treatment  with 
acid  there  is  apparently  no  difference  in  the  loss  in  weight  due  to 
reversing  the  order  of  heating.  This  would  be  expected  from 
the  previous  work  at  this  Btu'eau.  The  experimental  operations 
were,  in  brief,  as  follows : 

Before  heating,  each  crucible  was  cleaned  and  weighed.  The 
furnace  was  brought  to  the  temperature  desired,  then  the  crucible 
was  placed  in  it  and  allowed  to  remain  for  four  hours.  (In  the 
work  of  Burgess  and  Sale  at  1200°  C  the  crucibles  were  heated 
for  two-hour  periods.)  The  crucibles  were  then  taken  out  of  the 
furnace,  cooled  in  a  desiccator,  and  weighed.  A  treatment  for 
five  minutes  with  boiling  hydrochloric  acid  (i  acid  to  4  water) 
followed.  They  were  again  weighed  after  washing  followed  by 
a  slight  ignition  over  a  Btmsen  burner.  The  iron  in  the  hydro- 
chloric acid  solution  was  weighed  as  ferric  oxide  after  precipitating 
with  ammonium  hydroxide;  slight  discrepancies  appear  in  some 
of  the  results  due  to  the  ash  uncertainty  on  ignition  of  the  filter 
paper.  The  crucibles  were  usually  heated  three  times  at  each 
temperatm-e  with  similar  treatment  after  each  heating. 

Table  i  shows  the  results  of  each  treatment  in  milligrams  per 
100  cm'  of  platinum  surface.  Crucibles  6  and  n  are  alloys  con- 
taining about  0.19  and  7.95  per  cent  rhodium,  respectively;  the 
others  contain  iridium;  n  was  made  up  specially  and  b  is  presumed 
from  its  behavior  to  contain  rhodium. 

For  several  crucibles  the  first  treatment  results  in  a  loss  appre- 
ciably greater  than  the  succeeding  ones.  This  illustrates  the 
necessity  of  proper  preparation  of  the  crucibles  before  using  for 
accurate  determinations. 
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Table  2  gives  a  summary  of  the  results.  The  change  in  weight 
on  heating  at  700^  C  was  very  small,  and  in  most  cases  was  an 
increase  (0.005  ^^  0.028  mg/ioo  cm'/hour),  but  the  loss  with  acid 
treatment  was  greater  than  the  gain  on  heating  in  all  but  one  case. 
The  8  per  cent  rhodium  alloy,  crucible  n,  gained  a  little  more 
weight  on  heating  than  it  lost  with  acid.  This  is  due  possibly  to 
a  small  amount  of  silica  deposited  on  the  crucible  from  the  furnace 
tube.  On  treating  these  crucibles  with  strong  hydrofluoric  acid, 
after  the  hydrochloric  acid  treatment,  there  was  a  loss,  which  for 
crucible  n  amounted  to  0.24  mg/ioo  cm'.  There  was  no  additional 
loss  on  repeating  the  treatment  with  hydrofluoric  acid. 
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The  curves  showing  the  relation  between  loss  at  1 200®  C  and  the 
emf  against  pure  platinum  at  1100°  C,  including  observations  of 
Burgess  and  Sale,  are  reproduced  in  Fig.  i  and  similar  diagrams 
could  be  constructed  for  700®  and  1000°  C.  The  loss  on  heating 
plus  the  loss  with  acid  treatment  is  termed  "total  loss/'  and  it  is 
also  shown  in  the  plot  for  several  crucibles.  It  is  evident  that 
crucibles  containing  iron  lose  less  on  heating  than  those  which 


8  4  6  8  10 

WV,  KilliToltt  agalatt  pfaif  ?%  %%  XIWQ 
Fig.  z. — Heating  losses  for  crucibles  coniaining  Ir  or  Rh  in  terms  cf  emf  against  pure  Pt 

contain  no  iron,  but  their  loss  after  the  acid  treatment  is  corre- 
spondingly greater.  On  some  crucibles  a  surface  film  of  iron 
oxide  may  be  detected  after  heating,  and  the  decreased  loss  on 
heating  and  increased  loss  with  acid  treatment  is  probably  due 
to  this  iron  oxide,  as  previously  explained. 


Burgtss      1 
Waatnbwgl 


Volatilization  of  Platinum 


371 


The  relation  between  temperature  and  loss  on  heating  for 
several  crucibles  is  shown  in  Fig.  2.  These  curves  are  typical  of 
certain  classes  of  laboratory  ware,  i.  e.,  pure  platinum,  platintmi 
containing  rhodium,  and  platinum  containing  iridium. 

The  loss  in  weight  of  platinum  laboratory  ware  is  here  shown 
to  be  negligible  below  900®  C,  but  for  all  crucibles  tested  the  loss 
at  1000®  C  is  appreciable  and  rapidly  increases  with  temperature. 
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Flo.  2. — hosn  of  weight,  on  heating  crucibles  containing  rhodium  or  iridiunij  in  terms  of 

iefnperature 

The  presence  of  rhodium,  iridium,  and  iron  in  platinum  pro- 
duces similar  results  on  heating  at  1000  and  at  1 200^  C.  Rhodium 
decreases  and  iriditan  increases  the  losis  of  weight.  Iron  is  objec- 
tionable because  of  the  surface  film  of  oxide  which  forms  on 
heating  the  platintun  containing  it. 

It  is  possible  to  predict  the  loss  in  weight  of  an  iridium  or 
rhodium  alloy  crucible  on  heating  below  1200°  C,  provided  the 
ware  contains  little  iron. 
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In  Table  3  are  given  the  approximate  changes  in  weight  to  be 
expected  in  mg/ioo  cm*  of  smface  and  per  horn*  of  heating  of 
platinum  nearly  free  from  iron.  The  presence  of  iron  in  appre- 
ciable quantities  renders  the  prediction  uncertain,  but  it  always 
acts  in  the  direction  of  lowering  the  volatilization  loss;  silica,  if 
taken  up  from  the  furnace,  will  also  tend  to  lower  the  results 

slightly. 

TABLE  3 

Approxiiiuite  Loss  in  Weight,  mg/lOO  cm'/hour,  at  Temperatures  Indicated  for  Platinum 

Nearly  Free  from  Iron 


PUtinum  oonlalnlng— 


900*  C  or  I 
1000*  C... 
1200*  C... 


PurePt 


0 

0.08 

.81 


iper 
omtlr 


0 
0.90 
1.2 


2.5 


0 
0.57 
2.5 


8per 
oeatRh 


0 

0.07 

.54 


Other  metals,  such  as  osmium,  alloyed  with  platinum,  may 
ftuther  decrease  the  loss  on  heating,  and  it  is  hoped  to  try  some 
of  them  in  the  near  future. 

It  was  hoped  to  be  possible,  in  this  investigation,  to  carry  out 
experiments  with  platimun  crucibles  alloyed  with  small  quantities 
of  osmium,  but  this  was  found  to  be  impossible  on  account  of  the 
condition  of  the  platinum  market. 

Experiments  by  other  observers  have  recently  been  made  which 
contribute  data  to  this  problem  of  the  loss  or  gain  in  weight  of 
heated  platimun  ware.  Thus  Vinal  and  Bovard '  find  on  heating 
to  about  600^  C  platinum  voltameter  dishes  of  38  and  80  g. 
weight,  freed  from  silver  "  very  little  change  if  any  in  the  weight 
of  the  empty  cups  due  to  heating  them  to  redness. " 

Sosman  and  Hostetter",  investigating  the  reduction  of  iron 
oxides  by  platinum  show,  as  would  be  expected  from  a  considera- 
tion of  the  phase  relations,  that  "if  the  existing  pressure  of  oxy- 
gen is  less  than  this  equilibrium  pressure,  the  oxide  will  disso- 
ciate and  metallic  iron  will  be  absorbed  by  the  platinum.  If  the 
pressure  of  oxygen  be  greater,  on  the  other  hand,  iron  from  the 
platimun  solution  will  be  oxidized,  the  oxide  will  separate  on  the 
surface  of  the  metal,  and  the  concentration  of  the  iron  in  the 
platinum  will  be  reduced.'*  In  the  experiments  listed  in  the 
above  tables  we  are  of  course  working  at  a  pressure  high  enough 
and  at  temperatures  low  enough  for  the  second  operation — oxi- 
dation of  the  iron. 


*  Sdentific  Faper  No.  971*  this  Bureau;  19x6. 

*  J.  Wash.  Acaid.,  6,  p.  aga;  X915- 
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SUMMARY  AlTD  CONCLUSIONS 

In  addition  to  the  conclusions  from  the  previous  work  of  Bur- 
gess and  Sale  (loc.  cit.),  there  may  be  noted  the  following: 

1.  Platinum  ware  in  the  form  of  crucibles  of  whatever  degree 
of  purity  behaves,  with  respect  to  gain  or  loss  of  weight,  on  heat- 
ing in  air  at  ordinary  atmospheric  pressure  in  a  manner  charac- 
teristic only  of  the  temperature  of  heating. 

2.  Bach  impurity  as  iridium,  rhodium,  or  iron  appears  to  exert 
its  effect  on  the  volatilization  of  platinum  independently. 

3.  For  platinum  crucibles  of  all  degrees  of  purity  containing 
Ir,Rh,  Fe,  Si  (up  to  a  content  of  at  least  3.0  per  cent  Ir)  the  loss 
on  heating  is  negligible  below  about  900^  C. 

4.  Below  this  temperattire  there  may  even  be  a  slight  gain  in 
weight  on  heating  platinum,  owing  to  the  iron  content  diffusing  to 
the  surface  and  oxidizing.  At  higher  temperatures  the  presence 
of  iron  will  lower  the  volatilization  loss  by  amotmts  depending  on 
the  quantity  of  iron  present.  There  appears  to  be  no  platinum 
made  which  does  not  contain  some  iron. 

5.  The  volatilization  of  platintun  containing  rhodium  is  less 
than  that  of  piffe  platinum  at  all  temperatiu-es  above  900°  C. 

6.  The  volatilization  of  platinum  containing  iriditun  is,  above 
900®  C,  very  much  greater  than  that  of  piu-e  platinum,  and  in- 
creases with  the  Ir  content  and  with  temperature. 

7.  It  appears  to  make  no  material  difference  in  the  volatilization 
results,  in  the  range  700®  to  1 200^  C,  what  is  the  order  of  heating, 
ascending  or  descending  temperatures. 

8.  In  an  oxidizing  atmosphere  at  temperatures  of  the  order  of 
1000®  C.  platinum,  in  the  presence  of,  but  not  in  contact  with 
silica,  will  apparently  take  up  small  quantities  of  this  substance. 

9.  The  loss  in  crucible  weight  due  to  the  solution  of  soluble  mat- 
ter in  HCl,  after  heating,  is  variable,  depending  on  the  crucible, 
and  may  be  large.  This  loss  is  relatively  greater  at  low  than  at 
high  temperatiffes. 

ID.  All  of  the  above  losses,  caused  by  heating,  add  treatment, 
and  iron  diffusion,  apparently  continue  with  tmdiminished  mag- 
nitude after  the  first  treatment,  which  is  usually  erratic ;  although, 
eventually  of  coiffse,  the  concentration  of  iron,  etc.,  must  become 
appreciably  diminished. 

Washington,  April  13,  1916. 
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I.  INTRODUCTION 

Potentiometer  and  bridge  methods  are  coming  more  and  more 
into  use  in  precise  alternating-current  measurements,  and  have 
created  a  demand  for  resistances  and  mutual  inductances  of 
known  phase  angle.  This  is  particularly  true  of  the  present 
precise  methods  of  testing  instrument  transformers.* 

The  residual  inductance  of  resistance  coils  has  been  pretty 
thoroughly  studied  ^  in  the  range  from  i  ohm  to  10  000  ohms, 

*  As  aa  example  of  the  engineerinc  importance  of  this  work,  consider  a  direct  measarement  of  the  power 
consumed  in  one  of  the  current  limiting  reactances  used  by  the  New  York  Bdison  Co.  The  aooo-ampere 
curxtnt  transformer  needed  would  require  the  use  of  a  o.ooox-ohm  resistance  standard  for  its  calibration. 
An  error  as  small  as  i  X  xo-*  henry  in  the  assumed  inductance  of  this  standard  would  introduce  an  error  of 
33  per  cent  into  the  power  measurement. 

*  Grover  and  Curtis,  this  Bulletin,  8,  pp.  455, 495  (Reprints  No.  275  and  No.  177);  Wagner,  Blektrotech. 
Zs.  S4,  p.  6x3, 19x3;  S6,  pp.  606, 6ax,  19x5. 
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but  comparatively  little  work  has  been  done  above  and  below 
this  range. 

The  object  of  the  work  described  below  was  to  study  the  range 
below  I  ohm.  In  this  range  standard  resistances  are  almost 
invariably  of  the  four-terminal  type,  and  therefore  require 
methods  of  measurement  quite  distinct  from  those  applicable  to 
the  higher  resistances.  It  was  soon  evident  that  the  methods 
of  comparing  the  time  constants  of  two  four-terminal  resistances 
were  much  simpler  and  more  accurate  than  the  determination  of 
the  absolute  value  of  any  one.  The  work,  therefore,  naturally 
divides  itself  into  two  parts — first,  the  development  of  a  method 
of  comparison,  and;  second,  a  study  of  the  various  methods  for 
the  absolute  measm-ement  or  computation  of  the  inductance. 
The  latter  work  has  resulted  in  the  establishment  at  the  Bureau 
of  Standards  of  a  series  of  low  resistances  whose  time  constants 
are  known  to  o.i  or  0.2  microsecond. 

Some  of  the  methods  used  involved  the  use  of  mutual  induct- 
ances  of  heavy-ctirrent  capacity,  and  considerable  time  was  spent 
in  a  study  of  the  phase  relations  in  such  apparatus; 

n.  HISTORICAL 

In  1906  E.  and  W.  H.  Wilson  •  published  an  account  of  some 
measurements  on  the  inductance  of  shunts  using  an  electrometer 
method.  Since  then,  however,  the  subject  has  been  confined  to 
the  standardizing  laboratories  where  the  need  of  precise  values 
was  first  felt.  At  the  National  Physical  Laboratory  in  1909 
Paterson  and  Ra5nier  *  constructed  a  series  of  shunts  for  use  with 
altematmg  ctirrents.  Using  manganin  tubes  cooled  by  a  vigorous 
circulation  of  water  they  were  able  to  obtain  2.5  volts  drop  in 
shunts  as  low  as  o.ooi  ohm.  They  kept  the  time  constant  of 
their  shimts  small  by  the  device  suggested  by  Campbell  ^  of  using 
as  potential  lead  a  thin  copper  sheath  just  outside  the  working 
material.  They  computed  the  inductance  directly  from  formulae 
given  by  Russell  •  and  did  not  attempt  a  direct  measurement. 

A  few  months  later  Orlich '  published  a  description  of  the 
standards  in  use  at  the  Reichsanstalt.  These  are  of  the  flat- 
strip  type.  The  inductances  were  measiwed  by  an  electrometer 
method  at  1935  cycles  per  second.  Since  this  method  gave  only 
relative  values  of  the  time  constants,  Orlich  constructed  as  stand- 

*  Blectridan.  M,  p.  464;  1906.  *  Russell.  Alt.  Currents.  1.  p.  53. 

*  Inst.  Elect.  Eng.  Journal,  42,  p.  455;  1909.         '  Zeit.  fiir  Instnunentenkunde,  29.  p.  341;  1909. 

*  Electrician.  61,  p.  xooo;  1908. 
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ards  two  wire  rectangles  having  inductances  of  about  2  micro- 
henrys  each.  The  measurements  on  the  shunts  of  lower  resist- 
ance were  made  by  stepping  down  through  the  series. 

At  the  Bm*eau  of  Standards  Agnew  and  Fitch'  used  a  d5nia- 
mometer  method  analogous  electromagnetically  to  the  electro- 
static method  of  Orlich  and  Wilson.  They  compared  their  work- 
ing shunts  with  two  standards,  the  inductance  of  which  could  be 
computed  from  the  dimensions. 

Sharp  and  Crawford  •  in  1910  published  a  description  of  a 
series  of  noninductive  shunts  constructed  along  the  lines  suggested 
by  Drysdale.  They  were  calibrated  by  stepping  down  from  o.i 
ohm  resistances  which  were  assumed  noninductive.  The  relative 
measurements  were  made  by  a  Thomson  double  bridge,  using  a 
dynamometer  excited  in  quadrature  with  the  current  in  the 
resistance,  as  a  detector. 
• 

in.  DEFINITIONS 

Standard  resistances  of  less  than  i  ohm  are  usually  constructed 
with  four  terminals,  to  which  leads  may  be  attached.  Two  of 
these  (the  current  terminals)  are  of  comparatively  massive  con- 
struction and  are  intended  to  carry  the  ctirrent  to  be  measured, 
while  the  other  pair  (the  potential  terminals)  are  smaller  and  are 
intended  to  be  connected  to  some  apparatus  for  measufing  differ- 
ence of  potential.  This  form  of  construction  is  used  for  direct- 
current  measurements  because  the  value  of  the  resistance  is  thereby 
made  more  independent  of  the  manner  in  which  the  current  leads 
are  attached  and  because  contact  resistance  is  eliminated."  For 
altemating-ctirrent  work  this  construction  has  the  further  advan- 
tage that  the  inductance  of  the  apparatus  which  would  otherwise 
be  extremely  variable  is  thereby  made  much  more  definite. 

The  various  factors  affecting  the  inductance  of  a  four-terminal 
resistance  standard  (or  as  we  shall  for  brevity  call  it  '*shunt") 
may  be  seen  from  a  consideration  of  Fig.  i .  If  a  sinusoidal  alter- 
nating current  /  be  passed  through  a  piece  of  resistance  material 
as  a  6,  there  will  be  a  certain  voltage  between  points  a  and  b. 
This  voltage  will  not,  in  general,  be  in  phase  with  the  ctirrent, 
but  may  be  resolved  into  an  in-phase  and  a  quadrature  component. 
The  ratio  of  the  in-phase  component  of  voltage  to  the  current  may 

*  This  Bulletin,  6»  p.  aSi;  1909  (Reprint  No.  130). 

•  A.  I.  E.  E.  Trans.,  29,  p.  1537;  19x0. 

M  por  some  gtnenl  relatians  among  fouF>terminal  resistances  see  Wenner,  this  Bulletin,  8,  p.  559  (Reprint 
No.  x8x),  19x3;  Searle,  Electrician.  06,  pp.  999,  X039;  67,  pp.  la,  54,  X9XX. 
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be  taken  as  a  definition  of  the  resistance,  and  the  ratio  of  the 
quadrature  component  of  voltage  to  the  current,  as  the  reactance 
of  the  piece  a  b.  The  inductance  is,  of  course,  the  reactance 
divided  by  2  ir  times  the  frequency.  This  inductance  may  be 
denoted  by  L^b- 

Now,  in  order  that  the  current  may  flow  through  a  b,  the  shimt 
must  form  part  of  a  closed  circuit  containing  a  source  of  power, 
and  the  rest  of  the  circuit  will  have  a  certain  inductive  effect  on 
the  voltage  between  a  and  6.  Denoting  the  mutual  inductance 
between  the  rest  of  the  circuit  and  the  part  a  b  by  Mac,  ab  we  see 
that  the  resultant  quadrature  voltage  between  a  and  b  will  not  be 


(a; 


(i,) 


Pio.  z 


/«  Lab,  but  /«  (Lab ± Mao,  ab).    The  quantity  (Labi Mao,  ab)  may 
be  called  the  **  inductance  of  a  6  with  rettun  at  a  c,"  and  denoted 

by  Lab,  ao-  • 

Furthermore,  in  order  that  the  voltage  between  a  and  6  may  be 
measured,  a  second  closed  circuit  must  be  formed  as  abd  con- 
taining some  arrangement  for  measuring  voltage  as  V.  Now 
there  may  be  mutual  inductance  between  the  potential  leads, 
such  as  b  d,  and  the  various  parts  of  the  current  circuit.  Let  us 
denote  these  by  Mab,  bd  and  Mao,  bd.  The  quadrature  component 
of  the  voltage  as  measured  by  V  will  then  be  not 

/«  Lab,  ao,  but  /«  (Lab,  ao±Mab,  bd±Mao,  bd) 

or  in  more  detailed  form 

/«  (Labi Mac,  ab±Mab,  bd±Mao,  bd) 
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This  quantity  depends,  in  general,  on  the  entire  measuring 
circuit.  It  is  desirable  in  practice  to  be  able  to  consider  the 
behavior  of  the  shunt  itself  as  distinct  from  the  rest  of  the  circuit. 
If  the  circuits  are  arranged  as  in  Fig.  2  (a),  we  see  that  the  two 
main  circuits  acekfb,  and  abdkvg  may  each  be  split  up  into  two 
circuits  each  of  which  is  nearly  closed.  The  circuits  /  and  IV  are 
external  to  the  shunt  and  any  mutual  inductance  between  /  and 
///  or  //  and  IV  may  be  made  very  small  by  proper  arrangement 
of  the  apparatus  and,  in  any  event,  may  be  classed  as  due  to 
"  stray  fields  "  and  not  as  part  of  the  behavior  of  the  shtmt. 
This  is  also  the  case  with  the  direct  effect  of  IV  upon  /. 


(bt 


Pio.  a 


The  points  gh  and  e/,  where  the  division  into  internal  and 
external  circuits  occtus,  are  the  terminals  of  the  apparatus.  We 
therefore  get  as  the  expression  for  the  inductance  of  the  shunt,  the 
ratio  of  the  quadrature  component  of  the  voltage  between  g  and  h 
to  CD  times  the  current  flowing  between  e  and  /.  This  is  the 
same  as 

^  =  ^ab±Mao,  ab±Mab,  bd±Mao,  bd  (l) 

where  the  M's  must  now  be  considered  as  including  only  the 
mutual  effects  of  circuits  inside  the  terminals.  In  case  the  mem- 
bers of  each  pair  of  terminals  are  not  close  together,  the  position 
of  the  leads  attached  to  them  must  be  specified  or  the  inductance 
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will  be  indefinite.  It  is,  of  course,  desirable  to  have  the  potential 
terminals  as  far  away  as  possible  from  the  cmrent  terminals,  as 
the  liability  to  error  from  stray  fields  is  thus  reduced.* 

It  is  useful  in  this  connection  to  note  that  shimts  may  be  divided 
into  two  main  classes.  In  type  I  the  working  material  itself  is 
formed  into  a  closed  circuit.  With  this  construction  the  current 
leads  and  the  potential  leads  may  be  kept  close  together,  and,  if 
so,  all  the  M's  of  equation  (i)  vanish  and  the  inductance  becomes 
that  of  a  closed  circuit  and  is,  therefore,  always  positive.  In 
type  II  the  working  material  does  not  form  a,  closed  circuit  and 
the  inductance  may  be  either  positive  or  negative. 

Instead  of  approaching  the  problem  piecemeal,  as  was  done 
above,  we  may  consider  two  circuits  //  and  ///,  as  shown  in  Fig.  2 
(6).  The  quadrature  component  of  the  voltage  measured  by  V 
is  /  CO  Mn,  m,  where  /  is  the  current  flowing  in  circuit  //  and  Mu,  m  is 
the  mutual  inductance  of  the  two  circuits.  This  quantity  Mn,  m 
may  be  split  up  into  its  parts  as  follows : 

Mn,  in  =  Mab,a'b'  ±  Mab,b'd  ±  Mao,aT)'  ±  ^acVd 

If  we  now  imagine  the  portion  a'6'  to  approach  ab  and  finally 
coincide  with  it,  we  see  that  Mab,b'd'  approaches  Mab,bd  and 
similarly  for  the  other  terms.  Also  Mab^'b'  approaches  Z^b  since 
they  are  each  defined  as  the  ratio  of  the  same  voltage  to  the 
same  current  (divided,  of  course,  by  <o) .  The  mutual  inductance 
of  the  two  circuits  thus  becomes  identical  with  that  given  by 
equation  (i). 

Looking  at  the  inductance  of  a  shunt  from  this  point  of  view  we 
note  the  close  analogy  between  four-terminal  resistances  and 
mutual  inductance^,  and  in  what  follows  we  shall  use  the  term 
**  four-terminal  impedance  "  to  cover  both  classes  of  apparatus. 
As  we  have  seen,  the  voltage  from  the  potential  terminals  of  a 
shunt  is  not,  in  general,  in  exact  phase  with  the  current,  and  we 
shall  see  later  that,  owing  to  eddy  currents  and  capacity  effects, 
the  secondary  voltage  of  a  mutual  inductance  is  not  always  in 
exact  quadrature  with  the  primary  current.  To  avoid  circtun- 
locution,  a  mutual  inductance  which  does  give  a  secondary  voltage 
in  quadrature  with  the  primary  current,  or  a  shimt  which  has 
zero  inductance,  will  be  spoken  of  as  **  pure,"  and  any  departure 
from  these  ideal  conditions  will  be  described  as  an  **  impurity  " 
in  the  four-terminal  impedance  considered. 
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These  definitions  may  be  summarized  in  mathematical  form  by 
considering  a  cturent 

^  i^ljasincjt  (2) 

to  flow  through  the  current  terminals  of  a  "  four- terminal  imped- 
ance." The  voltage  between  the  potential  terminals  may  then  be 
expressed  by  the  equation 

e^  El  sin  o)t+Ei  cos  o)t  (3) 

In  the  case  of  a  shtmt,  we  have  the  following  definitions 


(4) 


resistance 

• 

inductance 

aim. 

phase  angle 

£1 

time  constant 

R~    <a 

(5) 


tan-»^  (6) 


R 


(7) 


In  the  case  of  a  mutual  inductance,  the  corresponding  defini- 
tions are 

E 
mutual  inductance  M  «=  -j^  (8) 

"resistance"  i?=^  (9) 


/ 


m 


and,  since  it  is  more  convenient  to  handle  small  angles  than 
angles  near  90®,  we  will  take  as  the 

E  R 

phase  defect  r  =-  tan"^  -^  =  tan**— r^  (10) 

time  constant  T« ^-taJ  (ii) 
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IV.  RELATIVE  METHODS 

1.  CURREIfT-TRANSFORMER  METHOD 

.  •  • 

Meastirements  on  the  inductances  of  shunts  may  be  divided  into 
two  classes :  First,  relative  measurements  in  which  the  difference  in 
time  constant  of  two  shimts  is  determined  in  terms  of  known 
quantities ;  and,  second,  absolute  measurements  in  which  the  time 
constant  of  a  single  shimt  is  completely  determined. 


-^vvwvWvv- 


nnn^ 


s, 


LP.PJLJ 

fwruL 


Ammeter 


Fio.  3. — Connections  for  current  transformer  method  for  comparing  the  time  constants  cf 

two  shunts 

A  considerable  variety  of  relative  methods  are  available  for  the 
comparison  of  time  constants.  In  addition  to  those  mentioned 
on  page  376  the  most  straightforward  is  perhaps  the  Thomson 
bridge  as  suggested  by  Dr.  Wenner."  This,  however,  is  very 
cimibersome  in  practice.  The  method  which  was  used  in  most  of 
this  work  and  found  very  rapid  and  convenient  may  be  called  the 

>i  Wenner.  this  Bulletin,  8.  p.  559,  29x3;  also  Sharp  and  Ciawford,  A.  I.  £.  £.  Tians.,  99,  p.  1537,  19x0. 
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"current-transformer  method."  It  is  a  substitution  method  and 
is  a  highly  specialized  form  of  a-c  potentiometer.  The  connections 
are  shown  in  Fig.  3.  A  suitable  large  current  Ii  flows  in  series 
through  the  two  shimts  to  be  compared  /?»  and  i?x  and  through  the 
primary  of  a  current  transformer.  The  secondary  of  this  trans- 
former fimiishes  a  current  1 2  which  supplies  the  "potentiometer 
circuit."  The  voltage  drop  in  one  of  the  shunts  is  balanced  against 
the  drop  in  a  variable  resistance  i?,,  and  any  necessary  quadrature 
component  is  supplied  by  the  small  variable  mutual  inductance  m. 
The  condition  of  balance  is  indicated  by  a  sensitive  vibration 
galvanometer.  It  is  evident  from  the  vector  diagram  Fig.  (4) 
that 

/i.  +  »s  =  ^+»,  (12) 

and*that 

M=tan-^  (13) 


R, 


UTt 


9 

Fig.  4. — yedor  diagram  of  current  trarCtformer  method 

where  m  ^  the  apparent  phase  angle  of  the  transformer,  <p  the  true 
phase  angle  of  the  transformer,  and  0s  and  0,  the  phase  angles  of 
the  resistances  Rb  and  /?„  respectively.  The  subscript  s  is  used 
here  and  in  what  follows  to  indicate  the  values  observed  when 
the  standard  shunt  R^  is  connected,  while  the  subscript  x  is  ' 
applied  to  values  observed  when  the  unknown  shunt  R^  is  used. 
If  the  balance  is  repeated,  using  i?x  we  have 

Mx  +  0x-^  +  0/ 
hence  eliminating  <p 

0x~06  =  Ms~Mx  +  02'-»,  (14) 

or 

Tx-Ts^—^-^f-hT^'-T^  approx.  (15) 

It  may  be  noted  that  if  the  time  constants  of  i?a  and  i?,  are 
known,  this  becomes  a  convenient  method  of  calibrating  current 
.   transformers.*^ 

'*  Sharp  aod  Crawford,  A.  I.  £.  E..  29,  p.  1537,  19x0;  Agnew  and  Siisbee,  A.  I.  E.  £..  81.  p.  1267, 191a, 
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When  the  shtints  R^  and  Rx  are  not  of  equal  resistance  the  second 
balance  may  be  obtained  in  either  of  two  ways.  First,  by  simply 
increasing  /?„  and,  second,  by  changing  the  primary  connections 
of  the  transformer  from  parallel  to  series.  By  making  both  these 
changes,  shtmts  of  very  different  resistance  can  be  directly  com- 
pared. The  assumption  made  in  the  second  method,  that  the 
phase  angle  of  a  well-designed  transformer  is  a  function  of  the 
secondary  circuit  conditions  only,  has  been  repeatedly  justified  by 
measurements  at  the  Bureau  of  Standards.  As  a  further  check, 
shunts  E  and  H  having  0.005  ^^^  0.0025  ohm,  respectively,  were 
compared  by  the  two  methods.  The  results  given  in  Table  i  show 
an  excellent  agreement.  Similar  measurements  at  700  cycles 
also  agreed,  showing  that  up  to  -that  frequency  the  electrostatic 
capacity  between  the  windings  does  not  affect  the  accuracy  of  the 
method.  It  is  to  be  noted  that  by  changing  connections  both 
shimts  are  kept  at  approximately  their  full  current  capacity  and 
thus  there  is  no  loss  of  sensitivity  if  these  capacities  are  different. 

TABLE  1 

Agreement  in  Difference  of  Time  Coostent  of  Shunts  HaO.0025  Ohm  and  EsO.00S 
Ohm  Obtained  by  (a)  and  (b)  Changing  Rj  ui<l  (c)  Changing  Ratio  of  Transfonner. 


Ratio 


(•)  24:1 

(b)  12:1 

tc)  24:1-12:1. 

Moan. 


Obms 

ai2-OL0GO 

.06O-.030 
.060 


(T»-T.)  obt. 


Sooondfl 
9l»Xxo-« 

9.92 

9.93 

9.91 


A  special  transformer  was  built  for  these  measurements  with 
10  primary  coils.  Each  coil  consisted  of  four  parallel  circuits 
spaced  90^  apart  arotmd  the  core.  The  ratio  and  phase  angle 
observed  when  any  one  coil  was  used  as  primary  agreed  with  the 
values  observed  when  all  10  coils  were  used  in  parallel,  to  within 
I  part  in  1 2  000  in  ratio  and  within  0.3  minute  in  phase  angle, 
even  when  operating  at  a  secondary  current  of  only  i  ampere. 
The  variable  resistance  R^  was  of  lo-ampere  capacity  and  could 
be  adjusted  to  o.ooooi  ohm."  The  mutual  inductance  was  of  the 
astatic  type,  which  greatly  reduced  troubles  from  stray  fields. 
The  range  needed  for  most  work  by  this  method  is  0—5  micro- 
henrys. 


1^  For  description  of  a  similar  resisUnce,  see  Agncw.  tliis  Bulletin,  7,  p.  423;  19 iz  (Reprint  No.  264). 
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Since  the  phase  angle  of  the  transformer  does  depend  upon  the 
frequency,  current,  and  secondary  resistance,  care  must  be  taken 
to  keep  these  constant  during  the  comparison.  A  compensating 
resistance  C  can  be  used  to  keep  the  total  secondary  resistance 
constant  wljen  2?,  is  varied. 

It  is  seen  by  equation  (15)  that  the  time  constants  of  /?,  enter 
into  the  results.  This  is  not  serious,  however,  since  R^  is  of  com- 
paratively high  resistance  and  small  current  capacity.  The  time 
constant  of  the  apparatus  used  was  of  the  order  of  o.i  microsec- 
ond, so  that  the  change  in  this  from  one  setting  to  another  was 
very  slight.  The  value  of  this  inductance  was  computed  from 
the  dimensions  and  the  corrections  applied  when  necessary. 

The  time  constant  T,  of  this  secondary  resistance  may  be  com- 
pared with  that  Tj  of  the  primary  by  using  a  transformer  having 
a  I :  I  ratio.  Then,  if  the  apparent  phase  angles  /x^  and  /ib  are 
observed,  using  first  the  usual  connection  and  then  one  in  which 
the  primary  and  secondary  resistances  are  interchanged,  we  get 

T,-T,  =  ^^  (16) 

The  secondary  resistances  giving  0.05  and  o.io  ohm  were 
compared  with  primary  shimts  M  of  0.05  ohm  and  A^  of  o.io 
ohm,  respectively,  by  this  method.  These  measurements  gave 
T^M— T.o6=o.82  •  iQ-'  and  Ta,  — ^0.10=2.26  •  ic'  second.  These 
results  are  included  in  the  general  adjustment  of  finally  accepted 
values  given  below. 

The  sensitivity  of  the  method  is  simply  a  matter  of  the  cmrent 
capacity  of  the  shunt  imder  test  and  the  sensitivity  of  the  gal- 
vanometer available.  Since  i?,  is  small  and  the  secondarj'^  wind- 
ing of  w  can  be  made  of  low  resistance,  it  is  advisable  to  use  a  low 
resistance  galvanometer.  It  is  evident  that  under  these  circiun- 
stances  the  sensitivity  is  as  good  as  it  can  ever  be  in  any  future 
normal  use  of  the  shunt  with  the  same  galvanometer.  The  gal- 
vanometer used  in  most  of  the  work  had  an  effective  resistance 
of  only  2  ohms  and  a  sensitivity  of  0.5  mm  per  microvolt  at  60  -^  . 

The  most  troublesome  soiu-ce  of  error  is,  of  course,  stray  fields. 
These,  however,  can  be  made  small  by  keeping  the  heavy  current 
circ\uts  at  a  distance  and  then  eliminated  by  reversing  connec- 
tions, etc.  Another  rather  unexpected  trouble  is  charging  ctir- 
rents.    These  arise  from  two  sources.     First,  the  relatively  high 

67154^^— vol  13—16 3 
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voltage,  say  100  volts,  used  to  supply  the  power  to  the  primary 
of  the  step-down  transformer  can  send  sufficient  charging  cur- 
rent through  the  capacity  of  the  various  transformer  windings  to 
cause  serious  trouble.  This  can  be  avoided  by  (a)  grounding  the 
source  through  a  slide  wire  D  (see  Fig.  3)  and  adjusting  the  poten- 
tials tmtil  the  effect  stops,  or  (b)  by  using  a  low  voltage  i  :  i 
transformer  and  grotmding  the  primary  as  at  £.  A  sensitive 
test  for  this  effect  is  to  open  the  galvanometer  circuit  on  one  side 
as  at  a  and  then  ground  the  secondary  circuit,  say  at  c.  Any 
charging  current  will  then  flow  through  the  galvanometer  and 
produce  a  deflection.  The  other  source  of  charging  current  is  the 
primary  of  the  current  transformer.  Currents  circulate  as  shown 
by  the  dotted  arrows.  Fig.  3,  and  in  part  flow  through  the 
galvanometer.  This  trouble  occurs  only  when  small  currents  and 
consequently  high  impedances  are  used.  It  may  be  made  negli- 
gible by  keeping  the  side  ab  of  the  galvanometer  circuit  of  lower 
resistance  than  cd.  Since  the  time  constants  to  be  meastned  are 
small  and  usually  needed  to  only  a  few  per  cent,  there  is  no  diffi- 
culty in  calibrating  m  to  a  sufficient  accuracy. 

From  changes  in  temperature,  etc.,  the  phase  angle  of  the  trans- 
former may  drift  slightly  during  the  measurements.  By  taking  a 
s}mimetrical  series  of  nms,  first  on  the  standard  and  then  the 
tmknown  and  vice  versa,  this  drift  can  be  very  effectually 
eliminated. 

In  the  course  of  this  work  a  group  of  12  shtmts,  some  of 
which  had  several  pairs  of  potential  leads,  forming  the  equiva- 
lent of  19  shunts,  were  repeatedly  intercompared  by  this 
current-transformer  method,  making  altogether  some  60  differ- 
ence measurements.  The  19  time  constants  were  adjusted  by 
a  series  of  weighted  averages  to  best  fit  the  60  differences.  A 
least-square  method,  while  theoretically  more  exact,  would  have 
been  extremely  laborious.  The  various  individual  differences 
were  f oimd  to  agree  with  the  differences  computed  from  the  ad- 
justed values  with  an  average  deviation  of  0.05 -lO"*  second. 
This  adjustment  gave,  of  course,  only  relative  values  of  the  time 
constants,  one  shunt  being  arbitrarily  set  equal  to  zero.  A  list  of 
the  shunts  with  their  dimensions^  etc.,  is  given  in  Table  2. 
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Though  commercial  current  transformers  are  built  only  with  a 
ratio  of  primary  to  secondary  currents  greater  than  unity,  the 
method  may  be  extended  to  shunts  of  less,  than  5-ampere  capacity 
by  using  a  power  transformer  of  suitable  rating.  The  system  of 
differences  described  above  was  connected  with  a  i-ohm  standard, 
which  had  been  measured  by  Dr.  Curtis  of  the  Bureau  of  Standards 
by  two-terminal  methods,  by  such  an  arrangement.     Using  a  2 


P^Mt,  A 


Phas€  B. 


Fig.  5. — Connections  for  mutual  inductance  method  for  comparing  the  phase  angles  of  two 

shunts 

kw  1 100:2200/1  lo-volt  transformer  as  a  step-up  current  trans- 
former this  i-ohm  was  compared  with  the  o.i-ohm  shunt  A,.  The 
difference  of  their  time  constants  was  found  to  be 

T\  —  TiQ  =  2.24  X  lo"® 

This  is  in  good  agreement  with  the  computed  value  of 
2.I8-IO"®  seconds.  The  results  of  this  comparison  are  included 
in  the  final  adjustment  in  Table  9. 
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2.  MUTUAL-INDUCTANCE  MBTHOD 

A  second  relative  method  was  tried  in  this  work.  It  is  also  of 
the  potentiometer  type,  but  involves  a  simultaneous  balance  on 
the  standard  and  unknown  shunts  instead  of  a  substitution  of  one 
for  the  other.  The  coimections  are  shown  in  Fig.  5.  Here  i?i 
and  R^  are  the  shimts  under  test  and  M^  and  Af,  two  mutual 
inductances.  Phase  A  of  a  two- 
phase  generator  supplies  through 
two  transformers  T,  and  T,  the 
currents  I^  and  /,  which  are  ap- 
proximately in  the  same  phase. 
The  other  phase,  B,  excites  the 
small  transformer  T,  and  thus 
inserts  into  the  secondary  of  T, 
a  variable  out-of-phase  compo- 
nent and  permits  of  a  sensitive 
control  of  the  .relative  phases  of 
/i  and  /,.  The  magnitude  of  /, 
is  regulated  by  the  resistance  /?,. 

The  procedure  is  for  one  ob- 
server to  control  R,  and  /?,  until  ^°-  6.-^onf^ttons  for  obtaining  a  very 
^    ^  .«  i*«.«  M  small  adntstable  resistance 

G|  shows  a  balance  while  the  other 

observer  varies  /?'  and  M^  imtil  G,  is  balanced.  When  such  a 
simultaneous  balance  has  been  obtained  we  have,  neglecting  terms 
of  higher  order,  the  relations: 


Ml 


El 

hi 
Ri' 


R' 


(17) 


(18) 


The  voltages  in  the  circuit  of  galvanometer  G^  are  determined 
by  the  permissible  voltage  on  the  shunts,  and  G^  should  have  as 
low  resistance  as  possible.  The  magnitudes  of  M^  and  M,, 
however,  are  arbitrary,  subject  to  equation  (17).  Hence,  this 
circuit  can  be  designed  to  give  higher  sensitivity  than  the  other  and 
therefore  will  introduce  no  observational  errors  in  the  result.  The 
resistance  R'  must  be  very  small.  The  equivalent  of  a  very  small 
resistance  can  most  easily  be  obtained  by  the  arrangement  shown 
in  Fig.  6.     If  R^  and  R^  are  small  compared  with  R^  we  have 

RnR.      £ 

P  ' 


R'^ 


R 


6 


H  n  and  rj  are  the  phase  defects  of  M\  and  A/s  as  defined  by  equation  (lo).  p.  3S1. 
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where  P  is  the  ratio  of  the  current  transformer  T.  The  trans- 
former is  not  essential,  but  helps  reduce  R'  and  also  insulates  the 
galvanometer  circuit  and  greatly  reduces  stray  charging  currents. 
The  effect  of  the  phase  angle  of  the  transformer  is  entirely 
negligible.  In  making  a  setting  care  should  be  taken  to  vary  R^ 
and  not  R^.  Otherwise,  the  change  in  sensitivity  may  lead  to  an 
entirely  false  minimum. 

Stray  fields  and  charging  ciurents  must,  of  course,  be  guarded 
against  as  in  all  work  of  this  kind.  A  more  serious  source  of  error 
is  the  correction  (ri-Ta)  due  to  the  phase  defects  of  the  mutual 
inductances  used.  If  the  two  shunts  are  of  equal  resistance,  the 
inductances  may  be  interchanged  and  the  correction  thus  deter- 
mined. The  determination  of  this  correction  in  the  general  case 
will  be  discussed  more  fully  later. 

Four  difference  measurements  were  made  by  this  method  and 
the  results  are  given  in  Table  3,  together  with  the  values  computed 
from  observations  by  the  current-transformer  method.  It  is  seen 
that  this  mutual-inductance  method  is  not  as  precise  as  the  former, 
but  that  there  is  no  constant  discrepancy  greater  than  the  experi- 
mental error  of  the  latter.  The  lack  of  precision  is  probably  due 
to  the  continual  variations  in  resistance  of  the  two  heavy  current 
circuits  caused  by  self-heating,  drafts,  etc.  This  fluctuation  re- 
quires the  observers  to  be  constantly  alert  and  makes  the  simul- 
taneous balance  rather  difficult. 


TABLES 
Results  of  Relative  Measurements  by  Mutual-Inductance  Method 


Sbnnts  compared 
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V,  ABSOLUTE  METHODS 


The  best  method  for  the  determination  of  the  inductance  of  a 
shunt  is  by  comparison  with  some  four-terminal  standard  whose 
inductance  can  be  computed  from  the  dimensions.  This  method, 
which  is  the  only  one  hitherto  used,  is  open  to  the  objection 
that  in  the  computed  standard  the  ciurent  distribution,  end 
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effects,  etc.,  may  not  be  such  as  are  asstimed  in  the  mathematical 
theory.  In  the  work  described  below  each  type  of  standard  was 
carefully  studied  with  a  view  to  these  sources  of  error.  Also 
three  distinct  types  were  used  and  the  probability  of  the  same 
error  occiuring  in  all  is  very  remote.  Nevertheless,  it  was  thought 
advisable  to  use  two  other  methods  recently  proposed,**^  in  which 
there  is  no  dependence  on  computation. 

1.  COMPUTATION 

There  are  many  forms  of  circuit,  the  inductance  of  which  can 
be  computed  from  the  shape  and  dimensions  of  the  conductors. 
For  the  purpose  of  this  investigation,  however,  where  it  was 

necessary  to  keep  the  ratio  ^  small,  the  available  forms  are  all  of 

the  type  of  two  parallel  straight  conductors,  long  in  comparison 
with  their  cross  section  and  spacing. 

Formulas  ^or  the  inductance  of  such  circuits  have  been  given 
by  Gray,**  Rosa,*^  Orlich,"  and  others.  For  shunts  of  type  I  in 
which  the  resistance  material  forms  a  nearly  closed  circuit,  these 
formulas  are  special  cases  of  the  general  expression 

L  =  2  /  (2  log  Z)„  -  log  Du  -  log  D„)  (19) 

where  Z?ia  is  the  geometric  mean  distance  of  the  cross-sectional 
areas  of  the  conductors  from  each  other  and  Z?ii  and  D23  the 
g.  m.  d's  of  each  area  from  itself.  For  shunts  of  type  II  it  is  neces- 
sary to  either  build  up  the  inductance  piecemeal  as  indicated  by 
equation  (i)  or  to  regard  it  as  the  limit  of  the  mutual  inductance 
of  two  circuits  which  coincide  over  a  part  of  their  length. 

These  formulas  are  deduced  on  the  assumption  that  the  current  is 
uniformly  distributed  over  the  cross  section  of  the  conductor. 
That  this  limitation  is  not  as  serious  as  appears  at  first  sight  is 
shown  by  the  foUowng  reasoning:  The  emf  induced  by  the  mag- 
netic field  is  not  in  general  the  same  at  different  points  in  the 
cross  section  of  the  conductor  and  therefore  the  current  density 
will  not  be  uniform  over  the  section.  The  resulting  current  dis- 
tribution may  be  looked  upon  as  made  up  of  a  system  of  eddy 
ciurents  superposed  on  a  uniform  distribution.  The  net  effect 
of  the  resistance  drop  due  to  these  currents  and  the  induced  emf 
must  be  to  make  the  planes  perpendicular  to  the  axis  equipotential. 

• 1 I  ■■■■■■   Mj-j  m ^^^^^^^^^mia.^mm   ■■ ■_      mw^      i  ■■  ii_, _ 

i»  Wamer.  Wdbd.  and  Silsbee,  this  Bulletin,  18,  p.  xi;  19x5  (Reprint  No.  346). 
^*  Gray,  Abaolute  Measurements,  Vol.  II,  Part  I,  p.  a88. 

>^  Roaa,  this  Bulletin  4,  p.  331,  X907;  Rosa  and  Grover,  this  Bulletin  8,  p.  150.  xgxx. 
IS  OrliCh,  Kapasitftt  imd  Induktivitfit.  p.  68. 
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If  this  is  the  case  the  quadrature  component  of  the  resultant 
potential  difference  per  unit  length  is 

eo  =  e-'ieP  (20) 

where  e  is  the  induced  linear  emf ,  ie  the  eddy-current  density,  and 
p  the  resistivity.  Multiplying  by  dS  and  integrating  over  the 
whole  cross  section  of  the  conductor 

feo  dS  =  fedS  —fpie  dS  (21) 

but  since  i©  is  merely  the  eddy-current  density  fi^dS  must  vanish 

fedS  (22) 

This  area  average  of  induced  emf  is  what  is  given  by  the  geometric 
mean  distance  formulas  and  they  are  therefore  valid  even  if  the 
increase  in  resistance  due  to  skin  effect  is  appreciable  provided 
only  that  the  magnetic  effects  of  the  eddy  currents  are  negligible. 

It  is  sometimes  more  convenient  to  go  back  to  this  area  average 
of  emf  in  computing  inductances  than  to  use  geometric  mean 
distances,  and  this  method  will  be  used  in  developing  the  formulas 
for  tubular  shunts  given  below. 

(a)  Parallel  Wire  Type. — For  the  case  of  parallel  wires  equa- 
tion (19)  becomes 

L-4^(log-f+^)  (23) 

d = spacing  of  wires  center  to  center 
a  =  radius  of  wire. 

This  formula  assumes  imif orm  current  distribution  over  the  cross 
section,  but  there  is  little  liability  to  error  from  this  source  at 
commercial  frequencies.  Any  nonhomogeneity  due  to  the  process 
of  drawing  would  leave  the  resistivity  S3nnmetrical  about  the  axis 
and  affect  only  the  small  second  term. 

Shimt  *'A''  was  constructed  of  Kulmiz  alloy  wires  0.200  cm  in 
diameter  and  spaced  0.457  cm  center  to  center.  Pairs  of  poten- 
tial leads  were  attached  at  distances  of  3.52,  17.5,  and  35  cm 
from  the  closed  end.  Difference  measurements  were  made  by  the 
ciurent  transformer  method  and  showed  that  the  end  effects  were 
entirely  negligible.  Table  4  gives  in  the  second  column  the  values 
of  T  computed  from  the  dimensions  and  the  observed  resistance 
assuming  an  tmdetermined  inductance  AL  to  represent  the  end 
effect.  Comparing  the  differences  of  these  values  with  the 
observed  differences,  we  see  that  setting  AL  equal  to  zero  gives 
the  best"  agreement. 
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TABLE  4 
Results  on  Shunt  A 

a 

Pot  leads 

• 

Time  constant, 

Dlfleience, 
calculated 

Difference, 
obaeived 

At 

ItlicnMeoonds 

2. 47+0. 01 A  L 
2.44+  .02AL 
2.74+  .lOAL 

Micfoseoonds 
+0.03-0. 01 AL 
-  .30-  .08AL 

Ai 

+0.06 

Ai 

-  .31 

(6)  Flat  Strip  Type. — In  the  case  of  parallel  rectangular  con- 
ductors the  exact  formula  *•  obtained  from  equation  (19)  is  incon- 
venient, not  only  because  of  the  large  number  of  terms,  but  also 
because  the  result  appears  as  the  difference  of  large  terms,  which 
must,  therefore,  be  computed  with  great  accuracy.  By  expand- 
ing in  series,  however,  it  can  be  put  in  the  much  more  convenient 
form'* 


"*"  i^r  ^°S  «- 2jlJ« log /S+T*  log  7- 2  i*  log  ij 


(24) 


Here 


2  b+g  ^    b+g         a  ,     & 

w      '^      w  w        w 


where 


w = width  of  strip 
6  =  thickness  of  metal 
g  »=  thickness  of  insulator 
/  =  length  of  circuit 

The  terms  neglected  in  this  formula  are  of  the  order  /?•. 

In  case  the  strips  are  of  unequal  thickness  we  have  the  analo- 
gous expression  '^ 


■-"H^-hl)MrA^Z^T^ 


(25) 


H »-(«*  log  ot  —  K^  log  K-X*  log  X  +  7*  log  7  — 25'i;  log*  1 

1'  Thevalue  of  Dn  is  given  by  Rosa,  this  Bulletin  8,  p.  6  eq.  (8),  and  for  Dii,  this  Bulletin  8,  p.  167  eq. 

(124). 

*o  An  equivalent  form  is  given  by  Orlich  (Zs.  fiir  Instrumentenkunde  39,  p.  241;  1909),  together  with  a 
table  of  values  of  x*  log  x,  whjdi  is  useful  in  comjrating  the  last  tenn.  The  formula  may  be  obtained  by 
substituting  into  eq.  (19)  theproper  values  of  Dit  and  Dii.  ^he scries exxMmsion  is  obtained  by  expressing 
the  logarithmic  and  antitrigonometric  tenns  as  power  series  in  a,0,  etc.  The  terms  may  then  be  com*- 
bined  and  the  higher  x>owers  neglected. 

^  The  derivation  of  this  equation  is  similar  to  that  of  eq.  34  except  that  the  values  for  the  gefmietric  mean 

distance  are  substituted  in  Li—  a  /  log  it*  *  since  the  inductance  of  a  single  strip  is  desired  instead  of  that  of 
the  return  circuit. 
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Here  L|  is  the  inductance  of  the  strip  having  thickness  h  with 
return  in  the  other  strip,  where 

h+c+g         g  ^     b        c 
w  w        w    '    w 


b+g        c+g 

9  A" 

W  W 


where 


i£^=width  of  strips 

6 = thickness  of  strip  used 

c= thickness  of  return  conductor 

g = thickness  of  insulator 

/  =  length  of  circuit. 

An  interchanging  of  the  letters  J  and  i;  gives,  of  course,  the  induct- 
ance L,  of  the  other  strip.  The  inductance  of  the  complete 
circuit  is  then  the  sum  L^  +  L,. 

These  formulas  were  used  in  computing  the  corrections  for  the 
inductance  of  the  secondary  resistance  i?,  mentioned  on  page  385 
above.  • 

A  standard  shunt  E  was  constructed  of  sheet  manganin  0.106 
cm  thick,  4.99  cm  wide,  and  about  60  cm  long.  The  strips  were 
clamped  firmly  together  with  0.035  cm  of  paper  insulation  between. 
Pairs  of  potential  leads  were  attached  at  distances  7.2,  35.6,  and 
54.8  cms.  from  the  closed  end,  giving  resistances  of  o.ooi,  0.005, 
and  0.008  ohm,  respectively. 

The  sources  of  error  to  be  guarded  against  in  a  shunt  of  this  type 
are  (i)  skin  effect,  (2)  nonimiform  current  distribution  due  to  lack 
of  homogeneity,  (3)  inductive  effects  in  the  potential  leads,  (4)  end 
effects.  These  points  will  be  considered  in  order.  Bethenod," 
Orlich,"  and  others  have  computed  the  effect  of  nonuniform  cur- 
rent distribution  on  the  resistance  and  inductance  of  a  circuit  of 
this  shape  assuming  the  length  and  width  of  the  plates  both 
infinite.  The  latter  assumption  seems  a  little  startling,  but  since 
the  strips  are  close  together  the  magnetic  field  is  nearly  constant 
over  most  of  the  width.  The  nonimiform  distribution  edgeways 
is  confined  to  a  slight  excess  of  current  over  a  region  at  the  edge 
only  a  few  per  cent  of  the  width  of  the  plate.  These  formulas  show 
that  for  the  frequencies  and  materials  used  the  skin  effect  is 
entirely  negligible. 

A  more  serious  possibility  is  the  danger  of  nonuniform  current 
distribution  due  to  accidental  causes,  such  as  poor  solder,  where  the 

*•  Resistance  of  Thin  Plates  to  alternating  currents.  Jahr.  d.  Drahtloser  Te!.,  2.  p.  397. 
'^  Zeitschrif t  ftir  Instrumratenkunde,  S9,  p.  341;  1909. 
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current  leads  are  attached  and  nonhomogeneity  in  the  material 
itself.  If,  for  example,  the  current  tended  to  flow  in  the  upper 
edge  of  one  sheet  and  the  lower  ^dge  of  the  other,  this  would 
seriously  alter  the  inductance.    The  theoretical  formula  for  the 


Z4 

/ 

•S  Z2 

\ 

/ 

i 

■i 

00  Z.0 
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to 
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^fiS 


r   ^JL  m.     Transverse     dtspUcetrtent 

"•    ^  watK     

Flo.  7. — Effect  of  transverse  displacement  on  inductance  of  flat  strip  shunt.    Curves  are 

computed,  crosses  are  observed  points 

change  in  linear  inductance  of  two  infinitely  thin  strips  of  width 
w  and  spacing  d  when  displaced  transversely  a  distance  y  is 

AL  =  4  /[f  r  -  ^(r  -  ^)  log  if  +  P")'  /3*log  iS  -  2)8  r  tan-^|J       (26) 


1/  d 

where  f  =  ~  and  j8  =  —    This  effect  always  tends  to  increase  the 


d 

ana  p  =  -~ 

w  w 

inductance,  and  the  procedure  adopted  was  to  slide  the  strips  past 

each  other  (by  slightly  springing  the  closed  end)  and  measure  the 

inductance  in  each  position.     The  curves  on  Fig.  7  are  computed 
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from  eq  (26)  and  the  crosses  ( -f )  are  the  observed  points.  They 
seem  to  indicate  that  the  true  zero,  where  the  currents  most  nearly 
neutralize,  is  slightly  to  the  right  of  the  mechanical  zero.  The 
difference  is  very  slight,  however,  and  was  neglected.  Though 
this  agreement  of  the  theoretical  and  observed  values  is  of  course 
no  proof  that  the  ciurent  is  imiformly  distributed,  it  indicates 
that  such  is  probably  the  case. 

The  end  effects  and  mutual  inductance  errors  were  handled  in 
the  same  manner  as  with  shunt  A .  The  difference  measurements 
gave 

Tbi  —  Tb2 = o. 1 7  •  lo"*  sec. 

Tbb  —  Tbb  =0.04  •  io~*  sec. 

» 

The  first  difference  is  probably  due  to  mutual  inductance  between 
the  current  and  potential .  leads.  Since  the  leads  £,  were  seven 
times  as  far  from  the  cmrent  leads  as  E^^  any  such  effect  in  E^ 
would  be  entirely  negligible.  The  second  difference  is  practically 
negligible  and  brings  out  the  fact  that  the  formulas  given  above 
hold  for  shunts  nearly  as  short  as  their  width,  provided  the  spacing 
is  close. 

To  determine  the  predion  required  in  measuring  the  dimen- 
sions of  the  shunt,  equation  (24)  may  be  written  in  the  approxi- 
mate form 

L-4ir^(a-4  6)  (27) 

where  the  over-all  dimension  a  and  the  thickness  of  metal  b  are  the 
dimensions  most  easily  measured.     By  differentiating  we  obtain 

L       a         A  b 

I  —  ~— 

and  ^^  _     ^      I 

46 

In  the  limiting  cases  of  6 = o  and  6 = - 

these  become 

dL      da  J    dL      da  '  ,    . 

_=._.,  and  -^=—-3  (3o) 

and 

dL  db  A        J    dL  db  ,    . 

__==__._  and  -x-'-jT-^  (31) 
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respectively.  The  percentage  error  in  L  is  therefore  at  worst  three 
times  the  percentage  error  in  the  measurement  of  a  and  twice  the 
percentage  error  in  6.  Since  these  may  be  conveniently  measm^ 
to  a  fraction  of  i  per  cent  with  micrometer  calipers,  they  are  not 
particularly  serious  sources  of  error. 

(c)  Tubular  Tj^. — The  third  type  of  shtmt  which  can  be 
used  as  a  computable  standard  consists  of  a  pair  of  concentric 
tubes  one  or  both  of  which  are  of  resistance  material.    The 

*  • 

potential  leads  may  be  arranged  in  a  ntunber  of  different  ways 
yielding  correspondingly  different  values  of  the  four-terminal 
inductance.    The  formulae  for  the  various  cases  are  so  similar  in 


y////Ay////////////A 


y//////////A-V//7777Z. 


V//////////,A-'.^77777A 


Fig.  8. — Cross  section  cf  tubular  shunt 

appearance  and  the  self  and  mutual  inductive  effects  so  super- 
posed that  an  analysis  from  the  closed-circuit  point  of  view  is 
very  confusing.  The  following  discussion  will  separate  the 
various  sources  of  emf  and  obtain  any  particular  case  by  a  sum- 
mation of  the  proper  effects. 

Fig.  8  repres&ts  a  longitudinal  section  of  imit  length  of  such  a 
pair  of  concentric  tubes.  Let  the  radii  be  a^,  a,,  Oj,  and  a^  from 
inside  outward, 

and  let  us  define  s^  *      ' 


and 


and 


/  = 


w  = 


a, 

a, 
as  —  a^ 


(32) 
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If  a  current  /  flows  to  the  right  in  the  inner  tube  and  returns  in 
the  outer,  the  magnetic  flux  densities  Ho,  Ha,  etc.  (assuming 
ft"!  and  the  tubes  infinitely  long)  in  the  regions  D,  A,  B,C,  E 
are,  respectively, 

Hd=o 


Ha- 


2       2  (X*  -O,*) 


*     *  (a^'-o,*) 


/ 


Hb 
Ho 


X 
2  (X' 


X  (o,» 

'O 


-<h') 


(33) 


Where  x  is  the  distance  from  the  axis  to  the  point  considered. 
It  will  be  convenient  to  split  //a  into  two  parts,  //ai,  due  to  the 
current  in  the  inner,  and  //ao,  due  to  the  outer  conductor.    Where 


Hai^^I 


2  (x^-(H')  J 

rz  Ao  =  —  r~7ri — 'rj{  ^ 
X  W-Ot^) 


(34) 


Integrating  equations  (33)  over  their  respective  areas  gives  us 
the  complete  flux  linking  a  conductor  just  inside  each  area,  which 
we  may  denote  by  ^ao»,  etc.,  i.  e.,  the  flux  in  A  due  to  ciurent  in 
the  outer  conductor  and  linking  a  wire  at  a.    We  thus  obtain 


/  s"     s*      \. 

*..-J^//.dX»[2l0g^/  =  ( 


(35) 


=  (  2  J  +  ^  +  - J»--.  )/ 


)'. 


(36) 


(37) 


*Bib  -  ('^Hm  dx  -  ["2  log  ^M/ = (^2tt + «» + - 1*» .  •  -V 

*...-/j«<.*.-[.-^.  log  |]/-(+,4*-^...)/  m 

We  shall  also  need  expressions  for  ^aoa,  i.  e.,  average  linkages  of 
the  flux  in  A  due  to  the  outer  ciurent  linking  the  conductor  A 
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and  producing  an  average  voltage  as   defined  above.    These 
expressions  are  given  by 

^AOL-— 7— ; K  I    ^2irxdx  I    ^Hxodx 

^         ir(a,^ -0^,^)3  a,  Jx 

="L"^(^?^^"(^^^^^^^^S,f  (39) 

\     3       15        20     / 

L    a^^-(h!'     ^3       J       \  6     30     / 


(40) 


(41) 


/ 


It  may  be  noted  that  ^AOa=  —  ^aia  as  should  be  the  case  since 
they  are  expressions  for  the  mutual  inductance  between  the  same 
pair  of  conductors.  In  each  of  these  equations  the  approximate 
expression  in  s,  t,  or  u  may  be  obtained  by  a  simple  series  expan- 
sion. Since  in  practice  the  tubes  used  are  alwoys  thin  in  com- 
parison with  their  radii,  these  approximate  expressions  are  suffi- 
ciently accurate  and  very  convenient. 

Considering  now  a  few  special  cases,  let  us  first  take  the  ordi- 
nary "concentric  main,"  as  in  Fig.  ga,  where  both  tubes  are  used 
as  resistance  material  and  the  potential  leads  are  in  the  same 
transverse  plane.  Adding  the  various  linkages  with  regard  to 
their  directions  we  get 

■i^a  —  l  ^C  H- ^Mb  +  ^AI»  ""  ^AOA  +  20AO»   ly 

t2  2  2  "1 

—  ^  +  2  ti+—  s+u^-\ —  ^  •  •  •     (approx.)  (42,) 

«)  «)  o  J 
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This  formtila  is  identical  with  that  deduced  by  Russell  and  others. 
This  form  of  shunt,  however,  is  not  well  adapted  for  use  as  a 
standard,  since  it  requires  two  soldered  joints  between  the  poten- 
tial terminals,  and  also  there  is  an  end  correction  which  must  be 
obtained  experimentally. 

A  better  arrangement  is  to  use  either  the  outer  or  inner  tube 
separately,  thus  forming  a  shunt  of  the  second  t}rpe.  In  the  latter 
case  the  potential  leads  may  be  brought  out  either  radially  through 


/i//Ii//i///ii/Z23. 


l^^mJIJlIPJ^ITTT' 


{h) 


>JJJJJJJJ    jjj^jj    M  3M  f  ^TT 


•yy 


'    '    '     '    '    ^  W  ^  -    M^  ^  ^   ^  ^  ^  . 

i  ijilll  tutti  tf, 


(cj 


Fio.  9. — Various  arrangements  of  potential  leads  in  tubular  shunts 

insulated  openings  in  the  outer  tube  as  in  9  (c)  or  axially  as  in 
9  (d) ,    The  inductances  per  imit  length  in  the  three  cases  are 


•^(o)"^!  ^0  4- 0BIb  +  0AO»  +  0A1*  |"jp 


(43) 


(44) 


.(..| 
[' 


t  +  2  U  +  ^  S 
O 


a+^2...  j 


/ 


n/ 


-^(d)  =  I  <t>ClG  +  0BIb  +  <^AOa  +  <^AU  —  ^Oc  —  4>Blh  —  0AU  —  0AOa  IT 

(45) 


=  1  <^ac-<Acio  k==( -----^-  •  'jl 
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It  may  be  noted  that  both  Lb  and  Ld  are  negative  and  smaller 
in  magnitude  than  L^  or  Lq.  Le  is  also  of  interest  because, 
although  the  working  material  does  not  form  a  closed  circuit  and 
the  shunt  properly  belongs  in  the  second  type,  yet  there  is  no 
electromotive  force  induced  in  the  potential  leads. 

A  shunt  N  was  constructed  with  a  "Benedict  nickel"  tube 
inside  a  brass  return  tube,  and  so  arranged  that  they  could  be 
shifted  transversely.  The  resistance  was  about  0.002  ohm.  Two 
sets  of  potential  leads  were  used.  "No"  arranged *as  in  Fig.  9 
(c)  and  *'  N| "  as  in  (d) .  The  inductances  of  the  two  arrangements 
were  45.1  X  io~*  henry  and  — 1.5  X  lo**  henry,  respectively. 

At  first  sight  it  would  appear  that  the  inductance  would  be 
affected  by  any  eccentricity  of  the  tubes,  but  since  the  geometric 
mean  distance  of  a  point  inside  a  circular  annulus  is  independent 
of  the  position  of  the  point  it  is  evident  from  equation  (19)  that 
the  inductance  is  also  independent  of  eccentricity.  This  assumes 
that  the  ciurent  in  the  outer  tube  is  imiformly  distributed  and 
that  the  tube  is  circular.  The  latter  requirement  is  readily  met 
by  commercial  tubing,  but  the  former  is  difficult  to  obtain. 

If  the  distribution  in  both  tubes  is  uniform  aroimd  the  cir- 
ctunference,  there  is  no  magnetic  flux  inside  the  inner  tube,  and 
therefore  an  exploring  coil  inserted  in  this  tube  forms  a  very 
sensitive  test  for  such  a  lack  of  imiformity.  Shunt  N  showed  a 
magnetic  field  at  the  center  equivalent  to  that  at  a  distance  of  i  cm. 
from  a  wire  carrying  3  per  cent  of  the  full  current.  This  non- 
uniformity  could  not  be  eliminated  by  filing  the  ends  of  the  outer 
tube  and  was  probably  due  to  lack  of  homogeneity  in  the  brass. 
Since  the  inner  potential  leads  were  placed  at  the  axis  of  the  tube 
even  this  field  should  have  had  no  effect  on  the  inductance.  This 
was  corroborated  by  the  fact  that  an  extra  ciurent  equal  to  10 
per  cent  of  the  main  current  flowing  in  an  auxiliary  wire  just 
outside  the  shunt  produced  a  barely  detectible  effect. 

The  effect  of  eccentricity  was  also  investigated  with  this  shunt, 
but  a  displacement  as  great  as  1.5  mm  showed  no  change  in  the 
time  constant  of  Ni  greater  than  0.05  microsecond. 

Heaviside**  has  shown  that  the  rate  of  change  in  inductance  of  a 
concentric  main  with  frequency  is  very  small,  involving  only  terms 
of  the  third  order.  Shunt  T  was  also  constructed  in  this  shape, 
but  using  a  copper  tube  of  very  imiform  cross  section  as  the  return. 
The  lack  of  imiform  current  distribution  was  found  to  be  only  one- 
third  as  serious  as  with  shunt  N  and  the  inductance  is  believed  to 
be  very  closely  equal  to  the  theoretical  value. 

^— ^.— ^^^  .  — . — ^  ^  _  — 

M  Electrical  Papers,  2,  p.  192. 
67154*'— vol  13—16 4 
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2.  QUARTER.PHASB  MBTHOD 

Though  the  values  of  inductance  obtained  from  computable 
standards  were  believed  to  be  correct,  it  was  considered  advisable 
to  obtain  an  independent  check  if  possible.  Two  such  direct 
methods  of  measurement  had  been  suggested  by  Dr.  Wenner  and 

Mr.  Weibel  of  the  Btueau  of 
Standards  and  were  tried  out  in 
some  preliminary  measurements 
in  conjtmction  with  the  author.* 
The  first  of  these  methods 
gives  the  stun  of  the  time  con- 
stants of  the  two  shimts  to  be 
compared.  The  connections  are 
shown  in  Fig.  lo.  M^  and  Af, 
are  mutual  inductances  whose 
primary  windings  have  the  same 
current  carrying  capacity  as  the 
shunts.  The  two  circuits  A  and 
B  are  excited  by  alternating 
currents  approximately  in  quad- 
rattwe,  and  the  values  of  M  and 
R^  and  the  relative  phase  and 


Flo.   lo. — Connections    for    quarter-phase 


m^  for  measunng  the  inductance  of   magnitude  of  I,  and  I,  are  ad- 

justed  tmtil  a  simultaneous  bal- 
ance on  both  galvanometers  is  obtained.  We  then  have  neglect- 
ing small  terms  the  two  relations 


/?ii?,=«WiM, 


Rl        i?3 


R'M, 
R1R2 


-^(^^+-.) 


(46) 
(47) 


By  using  three  shunts  and  measuring  the  three  sums  of  the  time 
constants  the  resulting  independent  equations  may  be  solved  for 
the  time  constants  of  the  individual  resistances. 

This  method  differs  from  the  mutual-inductance  method, 
described  above,  in  the  fact  that  here  the  drop  in  a  resistance  is 
balanced  against  the  secondary  voltage  of  a  mutual  inductance, 
while  in  the  former  case  the  two  shunts  are  balanced  against  each 
other.  The  result  of  this  is  that  the  balance  is  extremely  sensitive 
to  slight  changes  in  frequency  and  the  unsteadiness  caused  by 
fluctuations  in  the  speed  of  the  driving  motor  is  the  practical  limit 
to  the  sensitivity  of  the  arrangement. 


"  This  Bulletin,  12,  p.  xi;  also  Phys.  Rev..  4.  p.  71.  1914. 
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Both  methods  require  a  knowledge  of  the  phase  defects  **t*'  of 
the  mutual  inductances  used.  The  values  obtained  in  the  pre- 
liminary work  referred  to  above  were  based  on  certain  values  of  t, 
which  further  investigation  has  shown  to  be  incorrect.  The 
results  of  a  recomputation  of  the  quarter-phase  measurements 
using  the  new  values  of  r  are  given  in  Table  5.     The  four  time 

TABLB  5 
Stmuiiaxy  of  Quarter-PhMe  Method 


I 

Shunts 


Tc+Tk 
Tc  +Tb' 
Tc  +T8' 
Tb'+T^. 


n 

OlM.aimi 


I 


22.8 
35.8 
32.4 
16.2 
12.4 
27.0 
26.2 


m 

Weiilita 


4 
2 
1 
2 
1 
1 
2 


IV 
Conip.  suin 


I 


MicroBac. 
22.6 
36.1 
32.9 
16.3 
13.0 

26.5 


V 
Obs.— -comp 


I 


Micro86c. 

+0.2 

-  .3 

-  .5 

-  .1 

-  .6 
+  .5 

-  .3 


constants  which  best  fitted  the  observed  stuns  in  column  II  were 
fotmd  and  column  IV  computed  from  these  values.  The  results 
are  thus  seen  to  be  consistent  to  about  0.5  microsecond,  which  is 
probably  better  than  could  be  normally  expected  without  careful 
attention  to  speed  control. 

The  shtmts  5'  and  R'  are  not  comparable  with  5  and  R  of  the 
later  work  since  they  were  modified  in  the  arrangement  of  poten- 
tial leads.  C  and  K,  however,  are  the  same,  and  values  obtained 
by  this  quarter-phase  method  have  been  included  in  the  final 
adjustment  given  below. 

3.  CHANGS  OF  RESISTANCE  METHOD 

The  second  method  for  the  direct  measurement  of  inductance 
without  recourse  to  computation  is  based  upon  the  use  of  two 
shunts  having  the  same  inductance  but  different  resistance.  A 
measurement  of  the  difference  in  time  constant  of  two  such  shtmts 
gives 


L     L        ^ 


(48) 


or 


L  =  AT 


R1R2 
R2—R1 


(49) 
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The  condition  of  equality  of  inductance  can  be  obtained  by- 
constructing  two  shunts  of  identical  dimensions,  but  of  materials 
having  different  resistivity,  or  by  using  the  same  shunt  at  two 
temperatures  (provided  it  has  a  high  temperature  coefficient  of 
resistivity) . 

In  the  first  case  it  is  not  essential  that  the  dimensions  be  iden- 
tical if  the  shape  is  such  that  the  inductance  can  be  computed, 
since  the  computed  difference  can  be  applied  as  a  correction. 
That  this  correction  does  not  invalidate  the  independence  of  the 
method  is  shown  by  the  following  reasoning:  Let  L^  and  L,  be 
the  true  values  of  the  inductance  and  L^'  and  L^  be  the  computed 
values.     Substitution  in  (48)  gives 

where 

Now  V  may  be  written 

(L.  -L/)  -  {L,-Li)  +  (L/  -L,0     A.  -  A, + A, 


V 


L,  U 


(51) 


Where  A,  is  the  computed  difference  and  is  therefore  known. 
The  terms  Ai  and  A,  are  the  errors  in  the  individual  computed 
values,  and  it  is  seen  that  it  is  only  their  difference  which  enters 
the  correction  term  in  (51).  This  source  of  error  is  particularly 
small  since  the  main  sources  of  A^  and  A,,  i.  e.,  end  effects  and 
mutual  inductance  in  the  potential  circuit,  would  be  the  same  in 

both  cases. 

Two  such  pairs  of  shimts  were  used  in  the  present  investigation, 
and  the  results  of  the  measurements  are  given  in  Table  6.  It  is 
seen  that  a  comparatively  large  difference  in  the  computed  induc- 
tance of  the  standards  produces  only  a  very  small  correction  term. 
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TABLE  6 
Results  of  Direct  Detennixiatiaiis  "by  Construction 


Shunt 

R 

Comp.  L 

Cnnp.  T 

p 

01M.AT 

Ob8.T 

o«.^i». 

Vi 

Otam 

0.00510 

.00096 

.000337 
.01 

Heniy 

8.89X10-* 
9.44 
6.28 
6.36 

1.74 

9.64 

18.64 

.64 

a058 
-0.0127 

BCICIVMOG. 

8.61 
21.12 

MiCIOMC. 

[      1.91 
[    10.52 
I    21.87 
1        .75 

B&lcnmc* 
10.89 

10.64 

Fi 

C 

K 

Maui  10.77 

4.  HEATING  METHOD 

The  second  modification  of  this  method,  namely^  using  a  shunt 
of  large  temperature  coefficient  and  measuring  the  inductance  at 
two  temperatures,  would  appear  to  be  even  freer  from  error 
since  there  can  be  no  question  of  the  practical  identity  of  the 
dimensions.  On  the  other  hand,  even  with  a  copper  resistance  it 
is  necessary  to  use  a  considerable  temperattire  range,  and  thus 
introduce  thermal  expansion  and  possible  distortion. 

The  procedure  whjch  was  found  most  satisfactory  was  to  carry 
the  shunt  through  a  closed  cycle  of  temperature  over  as  wide  a 
range  as  possible  and  at  various  points  to  measure,  by  the  current- 
transformer  method,  the  difference  AT  in  time  constant  between 
the  copper  shunt  and  a  reference  shunt  of  manganin  kept  at  a 
constant  temperature.  Since  this  method  also  gives  the  resist- 
ance of  the  unknown,  a  separate  temperature  or  resistance  measure- 
ment is  not  required. 

At  any  point  we  have  the  relation 


To-T^^AT 


or 


RcAT^Lc-T^, 


(52) 
(53) 


hence,  if  /?oAT  is  plotted  against  Ro,  the  result  should  be  a  straight 
line  of  slope  Tm.  Any  curvature  in  the  line  is  an  indication  of  lack 
of  constancy  in  Lo. 

The  shape  which  is  believed  to  be  the  freest  from  errors  due  to 
distortion,  is  the  inner  of  two  concentric  tubes  such  as  was  used  in 
shunt  T.  It  has  been  shown  that  eccentricity  of  the  tubes  does 
not  affect  the  inductance  and  the  symmetry  of  the  arrangement 
would  tend  to  produce  a  symmetrical  temperature  gradient  and 
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current  distribution.  Shunt  P  was  constructed  of  this  shape. 
Also  another  copper  shunt  Q  of  the  Usual  bifilar  strip  type  was 
built,  and  this  heating  method  was  used  with  both  types.  The 
temperature  range  used  was  from  —50°  C  to  + 150®  C,  the  lower 
temperatures  being  obtained  in  a  bath  of  gasoline  and  CO,  snow. 
The  results  of  the  measurements  are  given  in  Table  7.     It  is  seen 

TABLE  7 
Results  of  Direct  Determinatiozi  hj  Heating 


Copper  standard 

• 

Observed 
value  of  Tm 

Equivalent 
value  of  S 

Probable 
error 

range 

p 

S 

S 

s 

R 

El 

9.75 
10.51 
10.53 
13.56 

1.37 

xmcroaec* 
9.75 
10.51 
10.53 
11.51 
10.35 

Micneec 

dbai6 

.19 
.24 
.15 
.17 

•c 

+30-+180 

p 

-70-+iao 

-10-+120 

0 

p 

0 

Mean 

10.53±02( 

) 

that  the  values  vary  considerably  and  much  more  than  is  indi- 
cated by  the  probable  errors  which  were  computed  from  the 
deviations  of  the  individual  points  from  the  straight  line  for  each 
nm.  This  is  probably  due  to  changes  in  ciurent  distribution 
caused  by  local  irregularities  in  temperature  and  hence  resistance. 
This  is  the  more  surprising  in  that  a  longitudinal  temperature 
gradient  should  produce  no  harm  and  the  error  is  therefore  probably 
due  to  variations  over  the  cross  section  of  the  copper. 

VI.  ADJUSTMENT  OF  FINAL  VALUE 

It  is  evident  from  the  results  quoted  above  that  the  relative 
measurements  can  be  made  with  much  greater  accuracy  than  the 
direct  determinations.  The  adjusted  results  of  the  difference 
measurements  were  therefore  taken  as  correct,  and  the  true  mag- 
nitude of  one  of  the  shunts  was  assigned  from  a  consideration  of 
all  the  direct  measurements. 

The  shunt  S  was  most  centrally  located  in  the  network  of 
differences,  and  all  direct  measurements  have  been  referred  to  S 
by  the  corresponding  differences.  The  values  resulting  from  the 
method  of  direct  computation  are  tabulated  in  Table  8,  the  weights 
being  assigned  arbitrarily  after  a  consideration  of  the  probable 
constant  errors  of  each  type  and  the  number  and  self -consistency 
of  tlie  observations  involved. 
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TABLES 
StmuiiAxy  of  Values  by  Computatioii 


Stndaid  flbnnt 


It 

T« 

Wi 

At 

SecvUM 
SecTlaAt 


Type 


Flfltttilp. 
Tabe..... 


.do. 


Win 

Flat  strip. 


Indnctauioe 
conpiited 


Hemys 

a  80xio-» 
-a  47 
~i.ao 

247.0 

0.6 

17.0 


TI1116  ooofltmt 
OQUipiited 


SeooooB 

L74X10-« 
-a  46 
-^61 

+2.47 

a  10 
a  17 


Com- 


T. 


W«iCht 


Seoondfl 

ia72xio-« 

ia76 

ia87 

lasi 

ia74 

ia57 


10. 73  ±.06 


8 
8 
2 
2 
1 
1 


The  quarter-phase  method  gave  Tc= 21.2  and  T* « i  .4  micro- 
seconds; hence  we  get  Tb==io.o  and  11.3  microseconds,  respec- 
tively. The  results  of  the  heating  method  are  taken  from  Table  7 
and  those  marked  "construction"  from  Table  6.  The  compari- 
son with  the  I  -ohm  standard  referred  to  on  page  —  gave  Ta  « 10.68 
microseconds.  Assigning  weights  according  to  the  self-consist- 
ency of  each  method,  we  get  from  Table  9  the  value  T£r«=io.7 
microseconds  as  the  most  probable  basis  for  the  S3rstem.  The 
values  of  the  other  shunts  follow  directly  from  the 
measurements  and  are  given  m  Table  2. 

TABLE  9 
StmuiiAxy  of  Final  Values 


Method 

T, 

Ave.dev. 

WeUM 

Conpntetion 

Micxoaec 

10.73 

10.6 

10.53 

10.77 

10.68 

• 
Micneec   • 

±0.05 

±  .5 

±  .2 

±  .09 

±  .1 

20 

Onefter-ohMe 

1 

Heetfaiff 

1 

T^flIlffT*BCtiOll.  .••••■■•••••.■••••••■•••••••■•••.•■••.••....•..... 

5 

t«<iirm  gimiierd      

5 

Welitbted  meen 

10.72 

±.03 

32 

It  is  believed  that  these  values  represent  the  absolute  time 
constants  of  the  various  shunts  to  within  o.i  or  0.2  microsecond 
and  the  relative  values  with  rather  greater  precision.  These 
standards  having  once  been  established,  measurements  on  other 
shunts  may  be  made  easily  by  relative  measurements  by  the 
current  transformer  or  some  similar  method. 
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Vn.  EFFECT  OF  STRAY  FIELDS 

A  factor  which  is  often  neglected  in  the  design  of  shimts  for 
use  on  alternating  currents,  but  which  is  worthy  of  more  attention, 
is  the  influence  of  stray  fields.  An  ideal  piece  of  apparatus 
should  not  be  aflPected  by  the  presence  of  stray  electromagnetic 
fields,  nor  should  it  produce  any  field  itself  at  outside  points.  In 
general,  a  design  which  reduces  one  of  these  effects  reduces  the 
other  also;  but  this  is  not  necessarily  the  case.  The  effect  can  be 
considered  as  a  mutual  inductance  between  the  shimt  and  the 
rest  of  the  circuit  S.  The  error  introduced  into  the  inductance  of 
the  shunt  is  M^,  i.  e.,  the  mutual  inductance  of  the  "potential 
circuit"  P  and  the  surrotmdings  5.  The  effect  on  the  surround- 
ings, however,  is  M^e,  i.  e.,  the  mutual  inductance  between  the 
"current  circuit"  and  the  siuroundings.  In  a  shunt  of  Type  I 
these  values  coincide,  but  this  is  not  the  case  in  Type  II.  One 
great  advantage  of  some  of  the  tubular  types  of  shimt  is  that  they 
satisfy  this  ideal  condition  very  closely. 

In  comparing  the  behavior  of  different  shunts  in  this  respect 
it  is  necessary  to  have  some  standard  stray  field  as  a  basis  of  ref- 
erence. I  have  taken  for  this  a  uniform  field  of  intensity  H  =  lo/, 
where  /  is  the  current  in  the  shunt  in  amperes.  This  field  is 
much  larger  than  is  likely  to  occur  unintentionally  in  practice, 
but  can  easily  be  approximately  realized  experimentally.  Since 
the  effect  depends  on  the  direction  of  the  field,  that  direction 
giving  the  maximtmi  effect  is  the  most  definite  and  should  be 
taken.  In  cases  where  the  proper  direction  is  not  evident  from 
the  shape  of  the  conductor,  the  maximtmi  effect  may  be  found  as 
the  resultant  of  the  three  components  observed  with  fields  along 
any  three  mutually  perpendicular  axes. 

TABLE  10 
Effect  of  Stnj  Fields 


Shunt 


Reslataikce 


N, 

Tu 

B, 

LAW 

DAT 

Woffl 

R 

GB 

OB  eompenMtod 


Ohm 

0.0026 
.002 
.005 
.01 
.01 
.01 
.0010 
.001 
.001 


MlaoMCi 


-0.5 

+1.7 

10.7 

9.4 

5.5 

12.8 

3.5 

0.1 


AT 


AR 
R 


MicflMecs 

0.9 

.3 

.8 

3.6 

1.7 

1.5 'lO-* 

5.2 

6.6 

11.5 

13.8 

12.7 

2.3 

5.0 

Table  lo  gives  a  summary  of  the  effects  observed  on  a  variety 
of  shimts,  A  T  being  the  change  in  apparent  time  constant  due  to 
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the  presence  of  a  standard  field  in  the  most  effective  direction. 
These  results  indicate  that  the  effect  is  comparatively  small  in 
shunts  in  which  the  potential  leads  are  kept  close  together  even 
though  the  working  material  has  fairly  wide  spacing  as  in  the 
case  of  the  L8lN  o.oi  ohm,  where  the  spacing  is  one-sixth  the 
width  of  the  strips.  In  the  last  three  cases,  however,  there  are 
fairly  large  loops  in  the  potential  leads  and  a  correspondingly 
large  error  from  stray  fields. 

In  making  these  measurements  it  was  noticed  that  in  some 
cases  the  shunts  showed  a  change  of  resistance  when  in  the  mag- 
netic field.  This  change  reversed  its  sign  with  a  reversal  of  the 
field  and  was  traced  to  eddy  currents  in  the  metal  case  surround- 
ing the  shunt.  The  field  due  to  these  eddy  currents  is  nearly  in 
quadrature  with  that  from  the  main  current,  and  the  emf  induced 
by  it  is,  therefore,  in  phase  with  the  current  and  produces  an 
apparent  change  in  resistance. 

Since  most  shtmts  are  arranged  with  metal  cases  to  contain  oil 
for  cooling,  this  source  of  error  should  be  carefully  guarded  against 
even  in  work  where  the  phase-angle  does  not  enter.  The  changes 
in  resistance  expressed  as  a  fraction  of  the  nominal  resistance, 
observed  with  the  various  types  when  in  a  field  of  standard 
intensity,  are  given  in  Table  10,  in  the  last  colunrn. 

Vm.  OBSERVATIONS  ON  VARIOUS  TYPES  OF  SHUNT 

As  wide  a  variety  as  possible  of  the  alternating-current  shimts 
now  available  were  compared  by  the  current-transformer  method 
with  the  standards  described  above.  The  results  are  given  in 
Table  10.    The  values  of  time  constant  are  also  plotted  in  Fig.  1 1 

TABLE  11 
Stimmaiy  of  Results  on  Various  Types  of  Shunts 


Shunt 

Resistexice 

capacity 

L 

T 

0.  B.  Wo.  182045 

Ohmg 
0.0025    ' 

.001 

.05 

.01 

.01 

.00909 

.10 

.01 

Amperes 
200 
500 

12 

50 
100 
100 

5.21X10-9 
3.46 
130 
107 

94 

20.6 
450 

55 

68 

39.1 

35.8 
410 

Mlcroaec. 

2.08 

3.46 

2.6 
10.7 

9.4 

2.1 

4.5 

5.5 

6.8 
39.1 
35.8 

4.1 

G.  B.  No.  182046 

L&N  No.  13555 

[For  oompaialor. 

L&N  No.  13582 

DiyBdale  D 

Dryodale  aniiUary  leads  ly . 
Wolff  No.  4361 

Return  at  00. 

Wolff  No.  4433 

SO 

Do. 

Do 

Retmn  acioos  top 

Wolff  No.  4481 

.001 

500 

Retiim  at  oo« 

Do 

HMum  aCfOM  100 

PnilNo.136 

.10 

15 
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as  ordinates  with  log  ^o  -^  ^  abscissae.  As  might  be  expected, 
shunts  of  the  same  type  fall  along  fairly  smooth  curves.  For 
comparison  the  values  published  by  Orlich  and  Paterson  and 
Rayner  are  included. 


Mn 


.001  n. 


Fig.  II. — Time  constants  of  various  types  of  shunts 

It  is  seen  that  in  each  series  the  time  constant  increases  as  the 
resistance  decreases.  The  logical  basis  for  the  design  of  a  series 
of  shunts  would  be  a  constant  volt  drop  and  constant  energy  dis- 
sipation per  unit  area  of  cooUng  surface.  If  it  is  further  assumed 
(as  is  approximately  the  case  in  practice)  that  the  cross  section 
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remains  geometrically  similar  to  itself,  one  would  expect  the  time 

constant  to  vary  as  i?  3 .  The  curves  shown,  however,  correspond 
to  a  variation  as  the  —0.7  power  of  the  resistance.  This  is  due 
to  the  fact  that  in  the  practical  designs  the  lower  resistance 
shimts  are  worked  much  nearer  the  limit  of  cooling. 

The  point  D  corresponds  to  a  o.oi  ohm  shimt  intended  for 
alternating-current  work.  This  is  seen  to  have  a  much  higher 
inductance  than  was  to  be  expected.  An  investigation  showed 
that  80  per  cent  of  the  inductance  was  in  the  copper  rods  leading 
down  to  the  shunt  proper,  and  point  D'  represents  the  result 
using  potential  leads  attached  directly  to  the  resistance  material. 

EC.  NOTES  ON  DESIGN 

In  the  design  of  shimts  for  use  on  alternating  current  one  must 
consider  not  only  the  questions  of  permanency  and  heat  dissipa- 
tion as  in  direct-current  shimts,  but  also  the  additional  problems 
of  low  inductance  and  freedom  from  stray  fields. 


c. 
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FiGf.  12. — Shunt  of  type  I 

The  problem  of  inductance  has  hitherto  been  attacked  along 
two  lines.  In  the  first,  as  was  done  by  Orlich,**  Drysdale,*^  and 
others,  the  shunt  is  of  type  I,  the  working  material  is  formed  into 
a  closed  circuit  of  as  little  self-inductance  as  possible  and  the 
potential  leads  kept  free  from  all  inductive  effects.  In  the  second 
method,  indicated  by  Lichtenstein  **  and  definitely  suggested  for 
shimts  by  Campbell,**  the  potential  leads  are  placed  as  close  as 
possible  to  this  working  resistance  so  that  the  mutual  inductance 
of  the  lead  and  the  resistance  is  nearly  equal  and  opposite  to  the 
self -inductance    of  the   resistance.     Figs.  12   and    13  represent 

"  Orlich.  Zs.  fflr  InstTc'de.  29.  p.  241;  1909. 
**  Drysdale,  Klec'n,  66.  p.  341;  19x0.      9 

*  Lichtenstein,  Dinclers  Polytchn.  Jour.,  821,  p.  zoo;  1906. 

*  Campbell.  Klec'n.  61,  p.  1000;  1908. 
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schematically  the  two  t3^s.     A  notable  example  of  the  second 
type  is  the  series  described  by  Paterson  and  Rayner. 

The  time  constant  in  Fig.  1 2  is  the  same  except  for  the  effects 
of  stray  fields  whether  lead  />,  or  />,  is.  used.  Now,  if  in  Fig.  13 
pi  and  p2  are  used  for  current  terminals  and  Cj  and  c,  for  potential 
terminals,  the  two  types  become  identical.  Now,  by  the  recip- 
rocal theorem  ^  the  inductance  of  the  arrangement  in  Fig.  13  is 
the  same  whether  p^  />,  are  used  as  potential  leads  and  Cj  and  c, 
as  current  leads,  or  vice  versa.  It  follows,  therefore,  that  the 
inductance  in  either  case  is  that  of  the  strip  a  b  with  its  return 
either  at  ftc,  or  bpj.  Hence  the  advantage  of  the  second  type  lies 
solely  in  the  possibility  of  making  the  potential  lead  bp2  thinner 
than  the  current  lead  fee,.  In  the  limiting  case  of  zero  thickness 
for  both  bp2  and  the  insulation,  the  maximiun  gain  is  only  a  factor 
one-half. 


4A  1 

FlO.  13. — Shunt  of  type  II 

Of  course,  any  increase  in  the  rate  of  cooling  permits  of  a  decrease 
in  the  amount  of  working  material,  and  consequently  in  the  time 
constant.  The  General  Electric  Co.,  by  the  very  ingenious  use 
of  large  copper  vanes  (which  carry  no  current),  have  been  able  to 
obtain  a  large  eilergy  dissipation  with  a  small  amoimt  of  man- 
ganin.  The  shunts  described  by  Paterson  and  Rayner  also  have 
a  very  effective  cooling,  but  in  this  case  it  has  been  employed  to 
raise  the  permissible  volt  drop,  and  only  a  little  of  the  latitude 
obtained  by  the  cooling  has  been  devoted  to  reducing  the  induc- 
tance. It  is  clear  that  with  the  spacing  at  all  close  either  of  these 
types  practically  sacrifices  one-half  the  cooling  surface  of  the 
metal.  All  of  these  types,  moreover,  tend  to  greater  time  con- 
stants with  decreasing  resistance. 

Dr3^dale  has  proposed  a  type  in  which  the  lower  resistances  are 
built  up  of  a  number  of  units  in  parallel.     With  such  an  arrange- 


M  Wenner,  this  Bulletin,  8,  p.  559;  19x2. 
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ment  the  phase  angle  would  be  independent  of  resistance.  He 
estimates  a  time  constant  of  1.03  X  lO"'  second  to  be  easily  attain- 
able.'* Sharp  and  Crawford  mention  a  similar  design,  which, 
however,  had  T  =  17.10 -•  second. 

The  method  of  attack  which  seems  most  promising  to  the 
author  is  to  design  the  shimt  satisfactorily  from  the  cooUng  point 
of  view  and  then  insert  in  one  of  the  potential  leads  sufficient 
mutual  inductance  to  balance  exactly  the  self-inductance  of  the 
manganin  between  the  potential  points.  This  can,  of  cotuse, 
always  be  done  by  a  small  coil  placed  near  the  heavy-current 
leads.  The  most  serious  objection  to  this  practice  is  the  danger 
of  stray  fields,  but  a  number  of  devices  can  be  used  which  would 
render  this  adjusting  coil  nearly  astatic.  This  method,  of  cotuse, 
requires  a  measurement  of  the  inductance,  but  that  would  be 
necessary  anyway  and  with  the  convenience  of  the  current- 
transformer  method  would  not  be  a  hardship. 

The  tubular  arrangement  has  many  advantages  and  permits  of 
some  rather  neat  schemes  for  adjustment.  If  the  inner  conductor 
be  used  as  the  working  resistance  and  the  potential  leads  be  brought 
out  inside  the  inner  tube  (see  Fig.  gd)  as  was  done  with  shimts 
T  and  iV*,  then  the  mutual-inductive  effects  are  too  great  and  the 
shimt  shows  a  negative  inductance.  This  excess  is  not  very  large, 
however,  and  even  in  a  0.00 1 -ohm  standard  could  be  neglected  in 
almost  all  work." 

This  negative  excess  can  be  reduced  to  any  desired  amount  by 
the  arrangement  shown  in  Fig.  14  (a).  For  an  exact  balance  the 
distances  /  and  /'  should  be  in  the  ratio  given  by — 


l\.f^^±^^  /{2log^4 

a.^^a^^""^  aj  (^a.^^a^y'"'^  a,     2(a,^-Oj 


(54) 


or  approximately  p "  ^  +  3^  +  6  -^ (55) 

where  as  before  s  =»  -^ — —^   =»  -^ — -^>  u  =»  -^ — --^• 

^4  a2  a^ 

"  The  author  regrets  that  he  has  been  unable  to  obtain  a  shunt  of  this  type  to  measure.  The  one  listed 
in  the  table  consisted  of  a  single  strip. 

*  Using  this  anangement  with  one  of  the  N.  P.  I#.  tubes  vould  give  L=^—iXtcr*  henry  instead  of 
■f  J  Xxo"*  henry  as  now  arruiged. 
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Another  interesting  combination  is  that  shown  in  Fig.  14  (6). 
Here  (with  suitable  ratios  of  /  to  /')  we  have  a  shunt  having  zero 
phase  angle,  and  also  no  emf  induced  in  the  potential  leads.  In 
other  words,  the  negative  inductance  of  the  outer  tube  with  return 
inside  is  balanced  by  the  positive  inductance  of  the  shorter  length 
of  inner  tube  so  that  the  difference  in  potential  between  the 
points  a  and  6  is  in  phase  with  the  total  current.  If  the  induct- 
ance of  the  disk  is  neglected,  the  ratio  should  be 


u 


p-3  +  2  J  +6  ^  (approx.) 


(56) 
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Fk>.  14. — Tubular  tkttnt*  leitk  compensating  potential  leadt 


X.  MUTUAL  INDUCTANCES 

A  mutual  inductance  has  usually  been  regarded  as  3aelding  a 
secondary  emf  in  exact  quadrattu'e  with  the  primary  current, 
though  occasionally  the  necessity  of  using  stranded  wire  in  the 
windings  has  been  pointed  out.  In  case  the  primary  is  to  carry  a 
heavy  current  the  departure  from  quadrature  may  become  very 
considerable.  Using  as  primary  a  copper  strip  5  cm  by  0.32  cm 
two  secondary  coils  showed  voltages  having  a  phase  difference  of 
75  minutes  at  60  cycles  per  second.  With  due  care,  however, 
the  phase  defect  of  a  mutual  inductance  may  be  made  much 
smaller  than  that  of  a  shimt  of  the  same  current  capacity,  so  that 
the  mutual  inductance  and  quarter-phase  methods,  described 
above,  are  most  useful  in  measuring  the  shimts,  rather  than  in 
using  the  shtmts  to  measure  the  mutual  inductances. 

The  factors  which  produce  this  shift  of  phase  can  be  seen  by 
working  out  in  detail  the  case  where  the  primary  and  secondary 
windings  each  consist  of  two  thin  wires  in  parallel  as  indicated  in 
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Fig.  15.    Applying  Kircho£F's  laws  to  these  four  circuits,  we  get 
for  the  relation  between  secondary  voltage  and  primary  current 


where  M=»Af ,4  4 


and 


£,=/,  (i?+j«Af) 

-MuiR^A  +RjR»+RiRi\ 
^""       R,R,    \rXr,     rJ\R^'^rJ 


(57) 


(58) 


+ 


rXr\  rJ\Rs'^rJ\ 


(59) 


Li  a. 


£.,    8, 


^^JB 


4  b 


^   iF. 


Fio.  15. — Four-coil  model  of  impure  mutual  inductance 

In  these  equations  Ri  and  L^  are  the  resistance  and  inductance  of 
the  circuit  i,  /?,  and  L,  of  circuit  2,  etc.,  and  M^  is  the  mutual 
inductance  between  circuits  i  and  2,  etc. 

Also  L\  =Li  -Ml,,  L/  «L,  -  Af i„  L,'  =»iL,  -Ma^,  L\  ^L^—M^^ 
and  A=Mi,-Mi4 

C=M«-M„ 

In  deriving  these  equations  terms  of  higher  order  in  -j^-  and 

-p-  have  been  neglected.    An  inspection  of  (59)  shows  that  this 

resistance  term  is  in  two  parts,  the  first  of  which  may  be  considered 
as  due  to  the  secondary  circuit,  while  the  second  term  in  the 
brackets  is  due  to  the  primary  circuit.  This  can  be  seen  most 
clearly  by  letting  one  (say,  the  secondary)  circuit  become  linear, 
i.  e.,  let  3  and  4  coincide.    Then  the  first  term  vanishes  but  the 
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second  term  remains  and  is  a  f miction  of  the  dimensions  and  rela- 
tive position  of  the  parts  of  the  primary  circuits.    For  brevity 
these  terms  will  be  referred  to  as  the  "secondary  impurity"  and 
"primary  imptirity,"  respectively. 
It  will  also  be  noticed  that  each  of  these  terms  contains  two 

factors.    The  first  -h-^ — ^  is  proportional  to  the  difference  in 

phase  of  the  two  parts  of  the  primary  ciment.  The  second 
involves  (Mi,— M33)  and  (Mj^— MjJ,  that  is,  the  difference  in  the 
mutual  inductance  of  various  parts  of  the  primary  on  a  single  part 
of  the  secondary.  If  either  factor  vanishes,  then  the  whole  term 
will  vanish  regardless  of  the  other  factor. 

The  deduction  of  the  equation  (59)  may  be  generalized  to  cover 
any  number  of  elementary  filaments  and  thus  to  represent  a 
filamentary  flow  in  a  solid  conductor.  In  case  the  secondary  is 
linear  the  primary  imptirity  becomes  proportional  to 

k-n     • 

2  M^  AWk  (60) 

k-i 

Where  A6^  is  the  difference  in  phase  angle  between  the  current 
in  the  feth  filament  and  the  total  current  and  Am^  is  the  difference 
between  the  mutual  inductance  of  the  feth  filament  on  the  sec- 
ondary and  the  average  mutual  inductance.  The  expression  for 
the  secondary  impurity  is  of  cotu^e  similar. 

The  usual  method  of  stranding  tends  to  reduce  both  factors  in 
these  errors,  but  becomes  very  laborious  if  the  coil  is  to  carry  heavy 
currents.  A  and  B  of  (59)  become  zero,  regardless  of  the  thick- 
ness of  the  secondary  wire  if  the  magnetic  field  of  the  primary  is  so 
localized  that  there  is  no  magnetic  field  at  points  where  the  sec- 
ondary copper  is  placed.  Conversely  C  and  D  will  vanish  if  a 
current  in  the  secondary  produces  no  magnetic  field  where  the 
primary  copper  is  located.  The  required  localization  of  the  mag- 
netic field  to  make  either  pair  zero  is  easily  obtained  by  using  one 
winding  in  tne  form  of  a  imiformly  woimd  toroid,  or  a  long  straight 
solenoid  (which  is  really  a  special  case  of  the  former).  It  is,  how- 
ever, impossible  to  make  both  errors  zero  by  this  arrangement, 
since  if  both  circuits  are  closed  toroids  they  either  have  no  flux  in 
common  or  one  is  within  the  other  and  its  copper  is  in  the  field  of 
the  other. 

The  logical  way  to  construct  a  pure  mutual  inductance  is, 
therefore,  to  eliminate  one  source  of  impurity  by  making  A  and  B 
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zero  and  to  minimize  the  other  by  making  the  time  constant  of  the 
various  elementary  filaments  as  nearly  equal  as  possible.  This 
means  making  one  coil  in  the  form  of  a  imif ormly  wound  toroid  and 
then  stranding  this  coil.  To  be  efficietit  the  strands  should,  of  coiu"se, 
be  thoroughly  intermixed.  With  such  a  construction  the  char- 
acter of  the  other  coil  is  immaterial.  It  is  therefore  preferable  to 
use  the  toroidal  coil  as  secondary,  since  one  can  then  use  as  heavy 
copper  as  desired  in  the  primary.  A  coil  of  this  type  used  in  this 
work  showed  no  detectible  primary  impurity,  though  the  primary 
winding  was  of  1 30  000  circular  mil  cable. 

Equation  (60)  forms  the  basis  of  a  method  of  testing  induc- 
tances having  stranded  primary  windings.  Consider  a  coil  having  a 
linear  secondary  and  the  primary  wound  from  a  number  of  parallel 
strands  with  a  small  coil  q,  Cj  . . .  in  series  with  each  strand. 
Using  each  strand  separately 

as  a  primary,  the  mutual  in-     . Q 

ductance  between  it  and  the 

secondary  can   be  measured.      •WTJ       Tffm        Wn       1  ^ 

Subtracting  each  of  these  val-    jJ-U Uj U AAA, 

ues  from  the  average  of  all 
gives  the  successive  values  of 
Aw,.     Now,   passing  the  full 

primary  current  through  all  ^10.  it.^onv^Hon  for  comparing  Uu:  phase 
^  "^  ,  4*  «       1  defects  of  mutttal  inductances 

the   strands    m    parallel   the 

relative  phases  of  the  components  are  to  be  determined.  This 
can  be  done  by  placing  a  small  exploring  coil  near  each  of  the 
coils,  Ci,  Cj  ...  and  observing  the  phase  of  the  induced  emf  rela- 
tive to  any  fixed  standard.  The  differences  of  these  values 
from  their  mean  give  the  values  of  AB^.  The  summation  of 
(60)  may  thus  be  directly  observed  and  gives  the  amotmt  by 
which  the  primary  imptirity  differs  from  that  due  to  a  single 
strand.  This  method  was  used  in  one  of  the  mutual  induc- 
tances used  in  the  resistance  measurements  where  there  were  1 2 
strands  and  was  foimd  very  convenient. 

What  is  perhaps  the  simplest  method  of  comparing  the  phase 
defects  of  mutual  inductances  of  nearly  equal  magnitude  is  indi- 
cated in  Fig.  16.  The  two  inductances  to  be  compared  are  con- 
nected with  their  primaries  in  series  with  the  primary  of  a  small 
variable  mutual  inductance  m  and  with  a  very  low  resistance  R. 
This  latter  may  well  he  arranged  as  in  Fig.  6.  The  secondaries  of 
Ml  and  M,  are  connected  hi  opposition  and  any  difference  in  volt- 
age is  balanced  by  m  and  R,    At  a  balance  the  algebraic  sum  of  the 
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three  mutual  inductances  and  also  of  the  four  four-terminal 
"resistances"  (as  defined  by  equation  9,  page  381)  must  be  zero. 
By  a  little  ingenuity  in  connecting  coils  in  series,  it  is  possible  to 
intercompare  mutual  inductances  of  widely  different  values 
without  ever  using  a  very  large  variable  inductance  at  m.  The 
"resistance "  of  w  may  therefore  be  kept  negligible. 

While  the  primary  error  is  the  more  dangerous,  the  secondary 
error  may  not  be  negligible.  A  number  of  measurements  were 
made  on  circuits  in  which  the  primary  error  had  been  eliminated 
by  using  a  toroidal  or  solenoidal  secondary.  These  comparisons 
brought  out  some  interesting  facts  about  this  secondary  error. 


TABLE  15 
Results  of  Measurements  on  Secondary  Impurity  of  Mutual  Inductances 


CoU 


P- 
I.. 
m. 

la. 
0.. 
5ei 
bi. 
n.. 
f-. 
4- 

Hi. 
I14. 
Hi. 

5|t 


Micro- 
hfloxyi 

4.40 
.47 
6.00 
4.89 
1.18 
3.23 
5.25 
2,90 
4.89 
3.50 

5.97 
6.73 
7.58 
8.38 


Radius  of 
ooU— r 


cm 
1.32 

.60 
1.05 
1.14 

.60 
♦2.64X3.00 
1.25 
1.07 
1.38 
1.39 

1.33 
1.43 
1.51 
1.60 


3.66  «2. 87X3. 27 


Radius  of 
wire— a 


cm 
0.020 
.040 
.020 
.032 
.040 
.040 
.040 
.051 
.051 
t7X0.01 

.040 
.040 
.040 
.040 

.040 


Tuns 
per 
centi- 
meter 

n 


7.5 
4.2 
16.0 
8.1 
9.5 
7.79 
9.5 
7.5 
7.3 
5.2 

9.5 
9.5 
9.5 
9.5 

7.58 


a«n<r 


cm* 
0.14.10-4 

.27 

.54 

.75 
1.41 
2.23 
2.90 
4.03 
4.98 


3.09 
3.30 
3.48 
3.69 

2.59 


Micro- 
seconds 

0.03 
.39 
.00 
.04 
.23 
.14 
.10 
.34 
.22 
.06 

.29 
.43 
.61 
.73 

.20 


R 


Obmspsr 
cycle' 

+6.X1(^" 

+7.0 

-0.0 

+8.0 

11.0 

18.0 

20.0 

39.0 

43.0 
8.0 

69.0 
115.0 
182.0 
242.0 

29.0 


Remarks 


Solenoid. 

Do. 

Do. 
Tofoid. 
Solenoid. 
Torold. 
Solenoid. 

Do. 

Do. 
Lltzen-draht  5X7 

N0.35B.  &S. 
Outside  hi. 
Outside  hs. 
Outside  taf. 
Outside  iM. 

I  Torold. 
Outside  gi. 


♦Coils  ffi  and  ift  were  of  rectangular  section  and  of  the  dimensions  indicated, 
t  Each  coil  q  consisted  of  one  of  the  five  seven-wire  strands. 

The  group  of  15  coils  compared  in  this  manner  are  listed  in 
Table  15.  The  complete  mathematical  calculation  of  the  error 
due  to  eddy  currents  in  the  secondary  would  be  extremely  difficult, 
even  in  the  simplest  case  of  a  long  straight  imiform  solenoid.  A 
rough  approximation  may  be  obtained  for  this  case  by  assuming 
the  actual  secondary  wire  replaced  by  two  thin  filaments  parallel 
to  the  axis  of  the  wire  and  at  a  distance  apart  2y  in  the  direction 
of  the  radius  of  the  coil.     It  may  also  be  assumed  that  the  ordinary 
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two-terminal  resistance  of  each  filament  is  equal  to  twice  the 
resistance  of  the  complete  wire.  The  various  quantities  entering 
equation  (59)  may  then  be  computed  and  it  appears  that  the 
"  resistance  '*  is  given  by 

R^Kijfa^n^y'r  (61) 

where 

«  ==  2T  X  frequency,  a  =»  radius  of  wire. 
»= turns  per  centimeter  of  winding,  r=  radius  of  coil. 
In  case  y  may  be  taken  a  constant  fraction  of  a  as  would  appear 
reasonable  if  r  is  large,  we  have 

R'^K'cj'a^n^r  (62) 

This  is  in  agreement  with  dimensional  reasoning,  which  shows 
that  R  must  be  reducible  to  the  form 

/?  =  caa^— ,an,-J  (63) 

where  p  is  the  resistivity  of  the  material  and  ^  an  imknown 

function. 

R 
The  observed  differences  of   j^  for  the  various  coils  from  an 

arbitrary  zero  have  been  plotted  in  Fig.  1 7  (/)  against  the  quantity 
fl*nV.  According  to  (62)  this  should  yield  a  straight  line.  The 
points  seem  to  indicate  a  slight  ciu-vature,  but  the  agreement  is 
within  the  precision  needed  in  the  work  on  shimts.  An  extra- 
polation of  the  line  to  the  axis  where  aViV = o  gives  the  true  zero 
for  the  system.  It  may  be  noted  that  points  corresponding  to 
the  closed  toroids  59^  and  la  fall  along  the  same  line  as  those 
for  the  long  straight  solenoids. 

In  coils  of  more  than  one  layer,  the  outer  layers  show  an  abnor- 
mally great  secondary  error.  This  is  shown  in  Fig.  1 7  (//) ,  where 
the  time  constants  of  five  coils  woimd  one  above  the  other  are 
plotted  against  the  values  of  aViV.  The  innermost  coil  is  seen  to 
be  normal,  while  the  outer  coils  have  a  greatly  increased  phase 
defect.  This  effect  is  due  to  the  fact  that  the  eddy  currents  in 
the  inner  wires  produce  a  magnetic  field  in  quadratm*e  with  the 
main  field.  This  field  is  linked  with  all  the  coils  outside  of  it  and 
induces  a  large  out-of-phase  emf  in  them,  but  does  not  link  the 
coils  inside  of  it.  This  shows  the  danger  of  using  multiple  layer 
coils  for  work  of  this  character. 
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A  further  sotarce  of  secondary  impurity  is  the  capacity  of  the 
windings.  If  a  condenser  of  capacity  C  is  connected  across  the 
terminals  of  a  secondary  winding  of  resistance  R,  then  the  mutual 
inductance  will  show  an  apparent  phase  defect  of 

r  =  wcR  (64) 
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Fig.  17. — Secondary  impurity  ofmuttial  indtictances 
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This  effect  is  entirely  negligible  in  coils  of  the  range  used,  say 
M=»io"*  henry,  but  may  become  very  serious  when  the  resist- 
ance of  the  windings  becomes  large.  In  comparing  the  phase 
angles  of  mutual  inductances,  this  effect  of  capacity  is  useful, 
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since  by  connecting  a  microfarad  across  one  of  the  coils,  its  emf 
is  made  to  lag  more  than  before,  and  by  noting  the  direction  of 
the  change  in  the  resistance  setting,  it  is  readily  seen  which  coil 
has  the  greater  phase  angle. 

XI.  SUMMARY 

The  results  of  this  study  of  four-terminal  impedances  are  sum- 
marized below.  The  discussion  of  the  inductance  of  shimts  has 
been  clarified  by  the  classification  of  such  apparatus  into  two 
main  types  and  also  by  the  use  of  the  idea  of  the  inductance  of  an 
open  circuit  **  with  a  definite  return."  The  close  analogy  between 
shunts  and  mutual  inductances  has  been  pointed  out.  The  causes 
of  phase  defects  in  mutual  inductances  have  been  pointed  out, 
and  methods  of  avoiding  or  minimizing  these  sources  of  error 
suggested.  The  secondary  impurity  has  been  investigated  and 
the  abnormal  increase  of  this  error  in  multiple  layer  coils  noted. 

On  the  more  practical  side  two  relative  methods  for  the  com- 
parison of  the  time  constants  of  shtmts  have  been  studied  and  the 
sources  of  error  determined.  One  of  these  has  been  shown  to  be 
very  simple,  accurate,  and  easily  set  up.  Three  possible  types  of 
shunts  whose  inductance  can  be  computed  from  the  dimensions 
have  been  studied,  and  the  sources  of  error  shown  to  be  much 
smaller  than  would  be  expected.  The  formulae  for  various  arrange- 
ments of  tubular  shtmts  have  been  deduced  from  a  new  point  of 
view,  and  have  been  put  in  a  simplified  form  for  computation. 
Two  direct  methods  for  the  measurement  of  inductance  have  been 
tried  and  foimd  to  agree  with  the  values  foimd  by  computation. 
These  methods  were,  however,  less  satisfactory  than  direct  com- 
putation. The  time  constants  of  a  number  of  shimts  at  the 
Bureau  of  Standards  and  Harvard  University  have  been  deter- 
mined to  within  one  or  two  tenths  of  a  microsecond.  These  may 
now  be  used  as  standards  for  the  calibration  of  other  shunts.  The 
inductance  and  susceptibility  to  stray  fields  of  a  number  of 
commercial  types  of  shunt  have  been  measured.  In  some  cases 
a  change  of  resistance  in  the  presence  of  the  external  field  has 
been  detected. 

Washington,  December  30,  191 5. 
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NOTATION 

A,  B,  C,  D Differences  in  mutual  inductance. 

a,  a^,  a^ Radii  of  wires  or  tubes. 

b,  c Thickness  of  strips. 

d,  dii Distance  c.  to  c.  of  wires,  strips,  or  filaments. 

Dn,  Di2 Geometric  mean  distances. 

E Maximum  voltage. 

e Instantaneous  voltage. 

/. Frequency. 

g Thickness  of  insulation  between  strips. 

H Magnetic  field  intensity. 

Im,  f Maximtun  and  instantaneous  currents. 

t'l,  f, Instantaneous  current  densities. 

j V-i. 

K Undetermined  constant. 

L Inductance. 

I Length  of  circuits. 

M,'m Mutual  inductances. 

fi Pitch  of  winding. 

P Ratio  of  current  transformer. 

R Resistance. 

f Radius  of  coil. 

s,  t,  u Shape  ratios  of  tubes. 

Si,  S2 Cross-sectional  areas  of  conductors. 

i Time. 

T Time  constant. 

w Width  of  strip. 

X Distance  from  axb  to  filament  considered. 

y Distance  from  axis  to  equivalent  filament. 

a,  fi,  y,  a,  i|, «,  X,  f Shape  ratios  of  strip  shunts. 

$ Phase  angle  of  shunt. 

fg Apparent  phase  angle  of  transformer. 

IT Conection  term. 

^ Resistivity. 

r Phase  defect  of  a  mutual  inductance. 

^ Flux  per  imit  length  of  circuit. 

^ TVue  angle  of  transformer. 

tf arXfrequency . 
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I.  INTRODUCTION 

In  attempting  a  further  improvement  in  stellar  radiometry^  it 
was  deemed  desirable  to  inquire  first  into  the  construction  of  the 
galvanometer  which  is  one  of  the  three  important  elements  in  the 
radiometric  apparatus,  the  other  two  elements  being  the  thermo- 
couple and  the  reflecting  mirror.  As  indicated  in  the  previous 
paper,  a  further  improvement  in  the  stellar  thermocouple  will 
depend  more  upon  the  nicety  of  construction  than  upon  the  emf 
of  the  thermoelement.  New  alloys  having  a  high  thermal  emf 
and  a  high  tensile  strength  must,  of  course,  be  sought.  However, 
if  the  thickness  of  the  material  can  not  be  reduced  to  smaller 
dimensions  than  those  already  employed,  then  the  prospects  for 
greatly  increasing  the  sensitivity  of  the  thermocouple  are  not 
very  encouraging. 

A  further  increase  in  the  galvonometer  sensitivity  must  evi- 
dently be  sought  through  further  improvements  in  the  coils  and 
especially  in  the  suspended  magnet  S3rstem.  In  spite  of  all  that 
has  been  written  upon  the  construction  of  galvanometer  coils, 
wound  in  sections  of  graded  wire,  there  seemed  to  be  no  data  at 
hand  showing  the  behavior  of  the  different  sections  as  compared 

1  tl^  Bolktin.  11,  p.  6x3;  19x5. 
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with  what  was  to  be  expected  from  theory.  In  fact,  part  of  the 
present  investigation  is  the  result  of  a  disagreement  between  the 
observed  and  the  theoretical  performmance  of  the  different  sec- 
tions of  several  galvanometer  coils  which  had  been  subjected  to 
test.  This  paper  gives  the  results  of  experiments  (i)  on  galva- 
nometer coils  of  various  designs,  (2)  on  various  magnet  systems, 
(3)  on  shielding  the  galvanometer  from  magnetic  disturbances, 
and  (4)  on  vacuum  galvanometers. 

The  increase  in  sensitivity  as  a  result  of  placing  the  magnet 
system  in  an  evacuated  inclosure  has  already  been  discussed,*  and 
more  precise  data  are  given  in  the  present  paper.  In  the  previous 
tests  the  instrument  could  not  be  shielded  from  magnetic  distiu-b- 
ances.  In  the  vacuum  galvanometer,  as  it  will  be  used  in  practice, 
one  of  the  inner  shields  is  to  be  provided  with  a  cover,  so  that  it 
can  be  utilized  as  an  inclosure  which  may  be  evacuated.  The 
sensitivity  attainable  will  depend  upon  the  weight  and  upon  the 
period  that  can  be  given  to  the  suspended  magnet  system.  This 
will,  of  course,  depend  upon  the  environment  in  which  the  instru- 
ment will  be  used.  From  the  performance  of  the  instrument 
when  shielded,  as  described  on  a  subsequent  page,  it  appears  that 
magnetic  disturbances  can  be  reduced  to  a  very  small  value.  It 
is  to  be  emphasized,  however,  that  with  such  a  highly  shielded 
galvanometer  it  is  difficult  to  maintain  a  long  period  because  of 
the  necessity  of  using  powerful  control  magnets  which  must  be 
placed  close  to  the  galvanometer.  These  control  magnets  are  so 
close  that  any  slight  change  in  their  position,  or  in  the  magnetic 
force  exerted  by  them,  easily  affects  the  astaticism  of  the  needle. 

n.  EXPERIMENTAL  TESTS  OF  GALVANOMETER  COILS 

1.  THE  FORM  OF  THE  COIL 

This  subject  has  received  so  much  discussion  that  there  seems 
to  be  little  need  for  fiu-ther  remarks.  Maxwell  has  shown  that 
each  layer  of  spires  should  lie  within  the  surface  having  the  polar 
equation  r^  =d^  sin  fl,  where  r  is  the  length  of  the  radius  (the  dis- 
tance from  the  magnet  of  infinitesimal  length)  making  an  angle  0 
with  the  axis  of  the  coil,  and  d  the  value  of  r  when  d=^go^. 
Freudenberger  *  has  used  the  formula  r  =  />  sin  ^6,  which  produces 
a  thinner  coil  than  obtained  by  using  the  original  formtda.  He 
was  interested  in  a  coil  having  a  resistance  of  about  100  ohms  and 
found  that  a  coil  made  of  No.  36  B.  &  S.  wire  was  as  good  as  one 


«  This  Bulletin,  11,  p.  177;  19x4.  *  Freudenberger,  Elect.  World,  Sept.  29;  1906. 
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made  of  wires  of  di£ferent  diameters.  In  fact,  he  mentions  that 
coils  might  be  wound  to  the  resistance  desired,  using  No.  36  wire. 

It  has  been  shown  *  that  if  the  space  in  which  the  needle  hangs 
is  not  made  cylindrical,  the  shape  of  it  is  of  some  importance,  as 
it  is  possible  to  place  spires  in  positions  in  which  they  produce 
a  magnetic  effect  which  is  opposed  to  that  of  the  complete  coil. 

Abbot  *  has  made  theoretical  computations  of  the  force  ex- 
erted by  coils  wound  in  three  sections,  of  equal  resistance  of  graded 
wire.  The  data  published  give  the  force  exerted  by  each  section 
of  the  coil. 

No  experimental  tests  having  been  published,  the  writer  made 
tests  of  the  force  exerted  by  each  of  the  three  sections  of  a  20-ohm 
coil  (the  2 1. 1 -ohm  coil  in  Table  I),  which  had  been  wound  accord- 
ing to  theoretical  specifications  to  give  the  maximum  total  force. 

The  theoretical  data  indicated  that  the  force  exerted  shotild 
be  closely  the  same  for  each  section  of  this  particular  type  of 
coil.  However,  as  a  general  rule,  this  is  not  necessary  in  order  to 
obtain  a  coil  that  exerts  the  maximum  total  force.  The  results 
of  this  test  (see  Table  I)  showed  that  experimentally  (owing  to 
difficulties  in  winding  the  coils)  the  force  exerted  by  each  section 
of  the  20-ohm  coil  is  not  the  same  as  was  to  be  expected  from  theo- 
retical considerations,  and  that  the  outer  section  exerted  the 
greatest  force.  In  other  words,  the  outer  section  is  the  most 
efficient  of  the  three  components  of  this  20-ohm  coil.  The  inner 
section  was  found  to  be  the  least  efficient,  and  in  view  of  the  fact 
that  a  galvanometer  was  desired  which  had  a  lower  resistance 
than  was  obtainable  with  these  20-ohm  coils  joined  in  parallel,  it 
was  deemed  desirable  to  determine  whether  (without  making  a 
prolonged  investigation)  an  efficient  coil  could  be  found  by  trial, 
which  had  the  properties  of  the  central  and  outer  sections  of  the 
20-ohm  coil.  As  is  well  known  and  as  was  mentioned  in  a  pre- 
vious paper,  •  owing  to  the  difficulties  in  winding  fine  wires  and 
owing  to  the  large  amount  of  space  occupied  by  the  insulation 
when  using  fine  wires,  a  more  sensitive  4-ohm  coil  galvanometer 
is  to  be  expected  to  result  from  constructing  the  coils  of  heavy 
wires  (hence  of  low  resistance,  say  2.5  ohms)  which  are  joined  in 
series  than  is  to  be  expected  to  result  from  coils  of  the  same  size 
which  are  wound  with  fine  wire  (hence  of  high  resistance,  say  10 

*  Ayitan,  Hather,  and  Sumpner,  Phil.  Mag..  80,  p.  58;  1890. 

»  Abbot.  Astrophys.  Joar.,  18,  p.  x,  1903;  Ann.  Astrophys.  Obs.,  1,  p.  250,  1902. 

•  This  Bulletin.  11,  pp.  x8a-x8x.    (See  Fie.  9.) 
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ohms)  which  are  joined  m  series  parallel.  However,  as  will  be 
shown  presently,  these  two  kinds  of  coUs  differed  but  little  in  the 
force  exerted,  although  the  wires  had  been  selected  to  give  closely 
the  same  sized  coils.  In  previous  tests  no  marked  difference  was 
found  in  galvanometers  having  20-ohm  coils  wound  in  three 
and  in  five  sections  of  graded  wire.  The  records  of  the  perform- 
ance of  12  galvanometers  indicate  (as  mentioned  in  the  paper  just 
quoted)  that  the  greatest  advances  in  increasii^  the  sensitivity 
of  the  galvanometer  are  to  be 
T*  **  expected  from  improvements 

I  ij  in  the  suspended  system. 

I  t^  The  mandrels  used  in  wind- 

ed '^  ing  the  coils  were  of  two  types, 

5  '  producing  coils  of  the  form 

I  shown  in  Fig.  i,  which  shows 

I  a  compound  coil    wound    in 

yt  three  sections  of  graded  wire. 

'fft*  Mandrel  No.  2  was  tried  to 

determine  whether  a  marked 
improvement  would  result  in 
the  m^fuetic  field  near  the 
galvanometer  needles.  When 
using  fine  wires  for  the  inner 
section  of  the  coil,  this  form 
of  winding  (mandrel  No..  2) 
was  found  to  be  detrimental. 
In  the  coils  to  be  described 
^^  presently  the  insulation  was  a 

^^  '  single  layer  of  silk,  excepting 

Fro.  I.— Form  of  iht  coil  wAw  wing  difftmt  -^  ^^  0.6-ohm  coil,  which  was 
covered  with  a  double  layer  of 
silk.  The  thickness  of  the  insulation  was  about  0.043  ™™.  which 
is  practically  the  same  as  used  by  Abbot  (loc.  cit.).  The  thick- 
ness of  the  various  samples  of  wire,  some  of  which  had  been  pm-- 
chased  (from  A.  F.  Moore,  Philadelphia)  eight  years  ^o,  varied 
from  o.ooi  to  0.002  mm. 

2.  THE  STANDARD  COILS 

All  the  coils  investigated  were  compared  with  a  set  of  three 

coils,  which  was  used  as  a  standard.     These  three  coils  were 

mounted  securely  in  an  ironclad  support,  two  in  the  lower  part 


II 
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and  one  in  the  upper  position,  as  shown  in  Fig.  2.  The  coil  which 
was  to  be  compared  was  mounted  at  a  fixed  distance  opposite  the 
upper  standard  coil.  The  object  of  the  three  standard  coils  was 
to  enable  one  to  test  the  symmetry  of  the  deflections  of  the  sus- 
pended magnet  system,  which  might  be  affected  in  mounting  the 
various  coils  which  were  being  tested.  Lead  wires  from  each  coil, 
or  sections  of  a  coil,  were  connected  with  small  mercury  cups  iii  a 
block  of  paraffin.  By  this  meaas  it  was  possible  to  send  an  electric 
current  through  any  coil  in  the  instrument.  After  motmting  a 
coil  for  comparison  the  iron  shields  were  put  in  place  and  the  mag- 
net  system  was  astatized  to  give  a  single  swing  of  two  to  three 
seconds.  The  symmetry  of  the  deflections  produced  by  the  three 
standard  coils  was  not  affected  by  slight  changes  in  level.  It  was 
therefore  assumed  that  the  coils  imder  examination  were  being 
intercompared  with  considerable  accuracy. 

The  details  of  construction  of  the  standard  coils  are  given  in 
Table  i .  Each  coil  was  wotmd  in  two  sections  and  had  a  resist- 
ance of  10.2  ohms.  The  form  of  the  coil  is  shown  in  No.  2  of 
Fig.  I.  As  shown  in  Table  i,  another  lo-ohm  toil  woimd,  with 
three  kinds  of  wire,  on  mandrel  No.  i ,  Fig.  i,  is  17  per  cent  more 
efficient  than  the  one  which  happened  to  be  used  as  a  standard. 

TABLE  1 

Efficiency  of  Coils  of  Various  Design  as  Compared  with  a  Set  of  Standard  Coils 
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3.  METHOD  OF  COMPARISON  OF  VARIOUS  COILS 

The  behavior  of  the  coil  iinder  test  was  determined  by  observihg 
the  deflection  produced  by  a  given  current  as  compared  with  the 
deflection  produced  by  the  same  current  when  passed  through  the 
standard  coils.  From  tests  made  at  various  times  throughout 
this  investigation  it  was  found  that  each  one  of  the  three  standard 
coils  produced  the  same  deflections.  The  upper  standard  coil  was 
therefore  used  in  making  the  comparison.  In  Table  i  column  6  is 
given  the  force  exerted  by  different  sections  of  a  coil,  the  inner 
section,  '*  No.  i  /'  of  each  coil  being  used  as  a  standard  of  reference. 
Column  7  gives  the  force  exerted  by  the  upper  standard  coil  as 
compared  with  the  coil  imder  test.  This  of  cotirse  is  merely  an 
intermediate  step,  for  the  comparison  must  be  made  with  galva- 
nometer coils  having  the  same  resistance.  Columns  8  and  9  give 
the  desired  data,  which  will  be  discussed  on  a  subsequent  page. 
It  will  be  sufficient  to  add  that  by  eflficiency  is  meant  the  ratio  of 
the  force  exerted  by  the  test  coil  as  compared  with  the  standard 
coil  (of  10.2  ohms)  when  used  tmder  comparable  conditions.  For 
example,  the  o.^-ohm  coils  would  be  joined  all  in  series,  giving  a 
galvanometer  resistance  of  2.48  ohms,  while  the  standard  10.2-ohm 
coils  would  be  joined  all  in  parallel,  giving  a  resistance  of  2.55  ohms. 

In  the  thermopiles  described  in  previous  papers  the  elements 
were  joined  either  all  in  series*,  producing  a  resistance  of  about 
9  ohms,  or  joined  two  in  series  parallel,  producing  a  resistance 
of  about  2  ohms.  Table  i  therefore  gives  the  way  in  which  the 
above  coils  would  be  used  in  connection  with  these  thermopiles. 
The  efficiency  of  each  coil  is  of  course  the  same  in  whatever  manner 
it  may  be  connected.  In  reducing  this  data,  the  force  exerted  by 
the  coil  is  assumed  to  be  proportional  to  the  square  root  of  its 
resistance.  This,  however,  is  of  minor  importance  in  view  of  the 
fact  that  comparison  is  made  only  of  coils  having  closely  the  same 
resistance. 

4.  DISCUSSION  OF  THE  RESULTS  OF  TESTS  ON  VARIOUS  COILS 

The  nesults  obtained  on  the  different  coils  are  siunmarized  in 
Table  i .  As  already  mentioned,  the  i  o-ohm  coils  used  as  standards 
of  comparison  happened  to  be  less  efficient  than  some  of  the  coils 
tmder  investigation.  From  Table  i  it  may  be  noticed  that  a 
10.5-ohm  coil  made  of  three  sizes  of  wire  (American  gauge  Nos. 
34,  30,  and  28),  an  8.6-ohm  coil  made  of  two  sizes  of  wire  (Nos. 
32  and  28),  and  a  2.4-ohm  coil  made  of  two  sizes  of  wire  (Nos.  28 
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and  24),  all  of  which  were  practically  the  same  in  size,  exert  the 
same  force,  which  is  about  18  per  cent  greater  than  the  standard. 
In  the  test  on  the  2.26-ohm  coil  both  types  of  mandrels  (Fig.  i) 
were  used  in  order  to  determine  whether  in  using  Nos.  28  and  24 
wire,  a  greater  eflSciency  would  result  from  placing  the  wires 
nearer  the  center  of  the  coil.  (See  test  of  a  2.43-ohm  coil,  man- 
drel No.  I .)  As  shown  in  Table  i  (force  exerted) ,  these  two  coils 
differ  by  only  3  per  cent  (1.79:1.73)  in  the  force  they  exerted.  It 
is  of  interest  to  note  that  in  the  2.26-ohm  coil  the  outer  section 
exerts  a  force  which  is  1 1  per  cent  greater  than  that  exerted  by 
the  inner  section,  while  in  the  2.43-ohm  coil  the  inner  coil 
exerts  the  greater  force.  The  latter  coil  is  the  more  efl&cient, 
showing  that  although  the  spires  are  nearer  the  magnets  they  do 
not  occupy  positions  in  which  they  produce  a  magnetic  effect 
which  is  opposed  to  that  of  the  complete  coil.'  The  efl&ciency  of 
these  t3rpes  of  coils  (2.4,  8.6,  and  10.5  ohms,  respectively)  being 
so  closely  the  same  there  is  no  choice  in  their  use  with  an  external 
resistance  of  2  or  8  ohms.  As  mentioned  elsewhere,®  a  galva- 
nometer, in  which  the  coils  have  a  resistance  of  8  ohms,  is  the 
most  suitable  to  be  used  with  bismuth-silver  (or  copper)  thermo- 
piles which  have  a  resistance  of  about  8  ohms,  when  all  the  elements 
are  joined  in  series,  and  a  resistance  of  2  ohms  when  the  elements 
are  connected  in  series  parallel.  Comparing  the  8.6-ohm  coils 
joined  in  series  parallel  with  the  2.26-ohm  coils  connected  all  in 
series,  it  was  found  that  the  latter  arrangement  was  about  2  per 
cent  more  efficient  than  the  8.6-ohm  coils. 

The  performance  of  the  6. 3 -ohm  coil  is  of  interest  in  view  of  the 
fact  that  it  was  made  of  a  single  size  (No.  28)  wire,  to  utilize  the 
best  part  of  the  2 1 .  i  -ohm  coil  previously  mentioned.  It  pro- 
duced a  deflection  of  2.67  cm;  and  under  the  same  conditions  the 
2 1. 1 -ohm  coil,  of  graded  wire,  gave  a  deflection  of  5.07  cm.  When 
used  with  an  external  resistance  of  about  6  ohms,  the  above  6.3- 
ohm  coils  would  be  joined  in  series  parallel,  thus  producing  a 
deflection  of  5.34  cm.  Similarly,  the  four  21.1-ohm  coils  would 
all  be  joined  in  parallel,  having  a  resistance  of  5.3  ohms  and  pro- 
ducing a  deflection  of  5.07  cm;  or  5.53  cm  on  the  basis  of  equal 
resistance.  There  is  therefore  but  little  difference  (only  4  per 
cent)  in  the  efficiency  of  these  two  coils.  Of  course,  a  6-ohm  coil 
of  graded  wire  may  perhaps  be  found  which  exerts  a  greater  force 
than  this  coil  which  was  made  of  a  single  size  of  wire.     However, 

'  Ayrton.  Mather,  and  Sumpaer.  Phil.  Mas..  SO,  p.  58;  1890.  *  This  Bulletin,  11,  p.  133;  19x4. 
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the  gain  in  the  force  exerted  by  the  6-ohm  coil  of  graded  wire  can 
not  be  expected  to  be  very  great  in  view  of  the  fact  that,  theoreti- 
cally, a  4-coil  galvanometer  of  6-ohm  coils  joined  in  series  parallel 
is  no  more  efficient  than  a  galvanometer  of  24-ohm  coils  joined  all 
in  parallel,  and  in  view  of  the  fact  that  in  practice  the  low-resistance 
cofls  joined  in  series  were  fomid  to  be  but  little  more  efficient  than 
coils  of  four  times  this  resistance,  which  were  joined  all  in  parallel. 
Other  facts  must  also  be  considered;  for  examplte,  the  range  of 
proportionality  of  deflection  with  current  may  be  small  for  the 
6-ohm  coil  of  single  wire,  while  it  is  known  to  hold  over  a  wide 
range  (20  cm  deflection,  scale  at  i  m)  in  the  21.1-ohm  coil. 

The  data  on  the  21 -ohm  coils  are  of  interest  in  view  of  the 
fact  that  this  type  of  coil  has  been  extensively  used,  being  wound 
to  fit  closely  the  theoretical  specifications.  The  coil  is  in  three 
sections  of  Nos.  38,  34,  and  28  wire.  One  peculiarity  in  this 
type  of  coil  is  that  the  force  exerted  by  the  inner  section  is  from 
50  to  60  per  cent  less  than  that  exerted  by  the  outer  section, 
although  tile  force  exerted  was  supposed  to  be  closely  the  same  for 
each  section.  Another  coil  of  this  type  gave  similar  results. 
That  this  is  not  due  to  the  fact  that  the  coils  were  imbedded  in 
Swedish  iron  was  proven  by  repeating  the  test  on  coils  mounted 
in  a  brass  support.  The  explanation  is  no  doubt  to  be  found 
in  the  fact  that  when  using  the  finest  wire  with  its  disproportion- 
ately thick  insulation  as  compared  with  a  heavy  wire,  the  resist- 
ance per  turn  of  wire  increases  much  more  rapidly  than  obtains 
in  the  heavier  wire.  The  outer  section  contains  more  than  15 
times  the  length  of  wire,  for  the  same  resistance,  and,  as  is  well 
known,  after  passing  out  a  certain  distance  from  the  center  of 
the  coil,  the  force  exerted  by  each  turn  decreases  but  little  with 
increase  in  diameter.  All  the  coils  just  described  are  from  31 
to  34  mm  in  diameter. 

The  20.8-ohm  coil  (Table  i)  is  one  of  the  earliest  designs  worked 
with  by  the  writer.'  This  coil  has  a  rather  small  diameter  and  its 
performance  is  poor.  The  proportionality  of  deflection  to  current 
does  not  obtain  for  deflections  greater  than  6  to  7  cm.  This 
coil  gave  a  deflection  of  4.05  cm  under  the  same  conditions  as 
obtained  in  the  test  of  the  21.1-ohm  coil  (33  mm  diameter)  which 
gave  a  deflection  of  5.15  cm.  In  other  words,  the  21.1-ohm 
coil  was  27  per  cent  more  efficient  than  the  smaller  sized  coil 
having  the  same  resistance.  This  had  already  been  found  from 
tests  on  a  complete  galvanometer  containing  the  small  coils  and 

•  This  Bulletin,  4,  p.  39a.  1908;  Mcndenhall  and  Waidner.  Amer.  Jour.  Sci.  (4),  IS,  p.  249. 1901. 
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a  more  suitable  magnet  system  as  compared  with  the  21.1-ohm 
coils  (Fig.  2,  the  opened  galvanometer  to  the  right  in  this  photo- 
graph) which  were  used  with  the  vacuum  thermocouples  used 
in  measuring  the  radiation  from  stars.  The  foregoing  data  are 
necessarily  of  a  preliminary  nattire  in  view  of  the  numerous 
factors  which  enter  into  the  design  of  efficient  galvanometer 
coils.  The  chief  aim  in  the  present  communication  is  to  call 
attention  to  the  disagreement  between  certain  theoretical  speci- 
fications and  the  restdts  obtained  by  experiment,  which  empha- 
sizes the  importance  of  further  investigations. 

ra,  COMPARISON  OF  ASTATIC  MAGNET  SYSTEMS 

Various  experimenters  have  made  tests  on  the  lengths  of  the 
magnets  to  be  used  in  a  galvanometer  suspension,  and  the  con- 
clusion arrived  at  is  that  the  magnets  should  be  from  1.5  to  2 
mm  in  length.  The  tests  from  which  these  conclusions  were  drawn 
were  made  on  single  magnets.  In  view  of  the  fact  that  the 
size  of  the  mirror  is  a  very  important  factor  in  determining  the 
sensitivity,  it  was  deemed  of  importance  to  make  tests  on  com- 
plate  magnet  sjrstems  in  which  the  mirrors  were  of  the  same  size 
and  thickness "  and  only  the  lengths  of  the  magnets  were  varied. 
Each  system  consisted  of  two  groups  of  magnets  (tungsten  steel 
"glass  hard"  magnetized  in  a  c  a  shaped  device  after  moimt- 
ing),  four  magnets  in  each  group,  the  width  of  each  magnet  being 
about  0.25  mm  and  the  thickness  being  about  o.i  mm. 

In  one  S3rstem  (Fig.  3,  A  A  A),  the  magnets  were  2  mm  long; 
in  the  other  system  the  magnets  were  4  mm  long.  (Fig.  3, 
X  X  x),  and  the  latter  gave  only  about  two-thirds  the  deflecr 
tion  of  the  former  for  the  same  stimulus.  In  this  test  the  mirrors 
were  ^.o  by  2.8  mm.  In  another  suspension  having  needles  2.2 
mm  long  and  having  mirror  3  mm  diameter  the  sensitivity  (Fig. 
3,  O  O  O)  is  the  same  as  for  the  long  needles.  In  other  words, 
the  large  mirror  reduces  the  sensitivity  by  about  30  per  cent. 

In  another  suspended  system  of  magnets  a  decrease  in  sensi- 
tivity of  over  20  per  cent  was  introduced  by  substituting  a  mirror 
2.5  mm  in  diameter  for  one  which  was  1.5  by  2.5  mm.  In  the 
latter  the  longer  edge  was,  of  course,  placed  vertically  in  order  to 
reduce  the  inertia. 

In  Fig.  2  are  shown  several  astatic  magnet  systems.  The  largest 
one  contains  eight  magnets  (in  two  groups)  each  one  of  which 
is  2  mm  in  length.     The  mirror  is  rotated  90°  from  its  true  posi- 

><*  This  Bulletin,  11,  p.  177;  X9T4.    "Galvanometer  Mirrors." 
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tion  to  show  its  size.  The  distance  between  the  two  sets  of  mag- 
nets is  35  mm.  The  next  to  the  largest  magnet  system  belongs  to 
the  galvanometer  to  the  right  in  the  photograph.  It  was  used  in 
measuring  the  heat  from  stars.  The  smallest  magnetic  system 
(magnets  i  mm  long)  was  used  with  the  ao.g-ohm  coils  (just  de- 
scribed), which  were  20  mm  in  diameter. 


Fio.  3. — Variation  of  itnsitivily  with  length  ofiutdk 

IV.  TEST  OF  SHIELDING  AGAINST  MAGNETIC 
DISTURBANCES 

The  greatest  advances  in  the  improvement  of  the  Thomson  gal- 
vanometer in  recent  years  have  resulted  from  providing  it  with  a 
suitable  protection  against  magnetic  perturbations  and  air  cur- 
rents. The  latter  can,  of  course,  be  eliminated  by  placing  the  in- 
strument in  an  evacuated  inclosure  (which  procedure  increases 
the  sensitivity)  but  new  difficulties  are  then  encountered.  In  the 
present  design,  in  which  the  coils  are  embedded  in  blocks  of  Swed- 
ish iron,  there  is  but  little  air  space,  and  the  unsteadiness  of  the 
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galvanometer  needle  by  air  currents  is  eliminated.  In  such 
an  instnunent  a  current  sensitivit3r^of  t= 2  x  la-**  amperes  (scale 
at  2  m)  is  easily  maintained. 

•  From  a  theoretical  standpoint  Wills"  has  shown  that,  given  the 
innermost  and  outermost  radii  of  the  system  of  three  concentric 
hollow  spheres  or  cylinders,  the  maximum  shielding  will  be  ob- 
tained when  the  inner  and  outer  radii  of  the  successive  shells,  and 
the  air  spaces  separating  them  are  in  the  same  geometrical  progres- 
sion. Using  transformer  iron  one  could  easily  make  up  cylinders 
according  to  these  specifications. 

In  practice  it  has  been  found  desirable  to  use  as  much  metal  as 
possible  and  to  place  the  iron  shields  as  close  as  possible  to  the 
coils.  In  the  earliest  designs  "  the  writer,  following  the  custom 
then  in  vogue,  motmted  the  coils  in  a  brass  frame  (having  an  ex- 
cessive air  space)  surrounded  with  wrought-iron  gas  pipe  30  cm  in 
length,  7,  ID,  15,  and  20  cm  in  diameter,  and  4  to  6  mm  in  thick- 
ness. The  smallest  of  these  shields  caused  disturbances,  due  to 
permanent  magnetization,  and  was  discarded.  The  shielding  was 
improved  by  adding  a  cylinder  made  of  transformer  iron  (about 
20  cm  high  and  9  cm  in  diameter;  8  turns;  thickness  0.4  mm)  and 
a  large  outside  shield  32  cm  in  diameter.  This  proved  effective 
for  a  while,  but,  the  magnetic  disttirbances  in  the  vicinity  of  the 
laboratory  becoming  greater,  the  brass  mounting  was  discarded 
and  the  coils  were  embedded  in  Swedish  iron."  The  fluctuation 
of  the  zero  reading  on  the  galvanometer  scale  is  shown  in  Fig.  4 
(dotted  curve  represents  a  second  series  of  observations) ,  when  the 
coils  were  in  a  brass  mounting  (galvanometer  No.  i),  the  shields 
consisting  of  the  "inner  shield"  of  transformer  iron  (about  16 
tiu-ns;  thickness  0.4  mm)  and  four  cylinders  of  iron  pipe,  12,  15, 
20,  and  32  cm,  respectively,  in  diameter.  In  Fig.  5  is  shown  the 
fluctuation  of  the  zero  scale  reading  of  galvanometer  No.  2,  con- 
sisting of  the  Swedish-iron  mounting,  the  so-called  inner  shield  of 
transformer  iron  (9  cm  in  diameter,  6  mm  in  thickness;  about 
16  turns;  thickness  0.4  mm),  and  a  cylinder  of  single  thickness  of 
soft  iron  pipe  20  cm  in  diameter.  (See  Table  2.)  The  observa- 
tions on  these  two  galvanometers,  which  stood  side  by  side,  were 
made  in  close  succession,  i.  e.,  observations  were  made  for  three 
minutes,  alternately,  upon  each  galvanometer.  They  illustrate 
the  much  greater  steadiness  of  the  suspended  needle  system  when 
in  the  ironclad  (Swedish-iron)  mounting.     The  next  step  was  to 


"  Wills.  Phys.  Rev.,  M,  p.  243;  1907. 
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add  further  shields  to  the  mmclad  motmtmg  and  cover  the  top 
with  a  layer  of  transformer  iron  about  5  mm  in  thickness.  The 
complete  shielding  outfit  of  this  galvanometer  consisted  of  the 
Swedish-iron  mounting,  the  "inner  shield"  of  transformer  ircm; 
and  the  iron  cylinders  12,  15,  20,  and  32  cm  in  diameter.     As 


Flo.  4. — Fluctuation  of  galvanomtltr  n«*dk  vhtn  mounted  in  a  hnutfTamt  andthitlM 

iiilh  several  cylindtrt  of  gas  pipe 

shown  in  Fig.  6,  the  fluctuations  in  the  zero  scale  reading  are 
reduced  to  0.2  mm,  the  galvanometer  sensitivity  being  i=  5  X  10-"° 
ampere  and  the  complete  period  being  less  than  three  seconds. 
From  this  it  may  be  seen  that  in  view  of  the  fact  that  only  a  few 
seconds  of  time  are  required  to  make  a  reading,  one  can  easily 
obtain  plenty  of  good  observations  without  being  obliged  to  make 
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measurements  when  the  zero  is  tmsteady.  From  the  behavior 
illustrated  in  Fig.  6  it  is  evident  that  ordinary  magnetic  disturb- 
ances can  be  greatly  reduced  and  that  the  Thomson  galvanometer 
can  be  given  a  much  wider  application  than  has  been  possible  here- 
tofore. 

The  determination  of  the  numerical  value  of  the  shielding  was 
made  on  another  ironclad  galvanometer  which  is  a  duplicate  of 
No.  2,  just  described.  The  test  was  made  with  a  single  magnet, 
2  mm  long,  attached  to  a  glass  rod  which  held  also  the  mirror. 
This  magnet  was  suspended  in  a  glass  tube  provided  with  a  plane 
glass  window.  This  glass  tube  rested  upon  the  concrete  base 
which  supported  the  galvanometer  and  shields.  The  latter  were, 
of  course,  temporarily  removed  and  the  magnet  was  suspended 
at  the  same  height  from  the  support  as  obtained  when  it  was  sus- 
pended in  the  ironclad  (Swedish-iron)  mounting.  The  deflecting 
field  was  produced  by  an  electric  current  passed  through  a  solenoid 
about  31  cm  long,  5.5  cm  in  diameter,  and  containing  about  280 
turns  of  No.  16  wire.  This  solenoid  was  at  right  angles  to  the 
magnetic  meridian  and  was  placed  at  the  base  of  the  galvanome- 
ter support,  at  a  distance  of  about  42  cm  from  the  needle.  A 
control  magnet  was  used  to  give  the  needle  a  single  swing  of  two 
seconds  under  which  conditions  a  current  of  0.04  ampere  through 
the  solenoid  produced  a  deflection  of  over  250  mm  when  the 
magnet  needle  was  in  the  unshielded  glass  tube.  The  glass  tube 
w:as  then  replaced  by  the  ironclad  (Swedish-iron)  support,  "  I.  C.,*' 
and  the  needle  was  suspended  therein.  Using  a  single  swing  of 
two  seconds  the  0.04  ampere  through  the  solenoid  produced  a 
deflection  of  only  about  25  mm.  In  other  words,  the  shielding 
ratio  was  10.  This  is  on  the  basis  that  the  shielding  ratio  is 
di  t2  ii-i-di  ti  ii  where  tu  di,  ii  are  the  time  of  vibration  and  the 
deflection  for  a  current  i,  in  the  solenoid  for  the  unshielded  needle 
and  /a,  di,  ^2  are  the  corresponding  quantities  when  the  needle 
was  shielded  by  the  ironclad  mounting.  It  was  previously  proven 
experimentally  that  for  a  given  current,  the  deflection  was  pro- 
portional to  the  time  of  vibration  of  the  needle. 

The  so-called  inner  shield  ("I.  S."  in  Table  2)  was  then  put  in 
place,  when  a  current  of  0.04  ampere  (a  larger  current  was  used 
when  all  the  shields  were  in  place)  through  the  solenoid  produced 
a  deflection  of  only  4.2  mm,  which  is  equivalent  to  a  shielding 
ratio  of  58.  This  was  verified  the  following  day,  giving  the  mean 
values  assembled  hi  Table  3.    The  additional  shields  to  this  gal- 
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vanometer  consisted  of  five  cylinders  of  extra  heavy  wrought- 
iron  gas  pipe,  25.5  cm  in  height  and  increasing  in  diameter  from 
12  cm  for  5i  to  22  cm  for  S^,  as  shown  in  Table  2.  From  the 
data  given  in  Table  3  it  is  to  be  observed  that  the  addition  of  one 
cylinder  of  wrought  iron,  Sj,  produced  a  shielding  ratio  of  226; 
and  that  it  required  the  complete  set  of  five  shields  in  order  to 
produce  a  shielding  ratio  of  about  1700.  Covering  the  top  of 
these  shields  with  three  sheets  of  transfbrmer  iron  increased  the 
shielding  ratio  to  about  1800. 

TABLE  2 
Dimensions  of  Swedisli  Iron  Mounting,  I.  C,  and  of  Various  Shields  of  Gas  Pipe 

(Outside  dimenftJnns  cl  ironclad  mounting,  I.  C,  4.8  by  5.0  by  9  cm.    I^ength  of  all  shields,  25.5  cm.  except 

the  inner  shield,  I.  S..  vhidi  tns  16.5  cm  in  hdsht.] 


Shield 

Inner 
diameter 

Thickness 
ofwaU 

• 
Bitrahemvy: 

LS 

mm 
78 
121 
146 
165 
193 
220 

128 
156 
180 
205 
228 

mm 
7 

9.5 
8.5 

11.5 
11.5 
13.0 

6 

7 

7.5 

7 

8 

Si 

St. 

Si 

8*. 

Sk. 

Single  thickness: 
Si 

St. 

Ss 

S« 

S» 

TABLE  3 

Reduction  id  the  Magnetic  Disturbance  of  tiie  Magnet  Needle  (the  ^'Shielding  Ratio'O 
bylncloBingitin  Various  Cylinders  of  Extra  Heavy  Wrought  Iron.    (See  Table  2) 


Kind  of  shield 


Ironclad  momiting,  L  C 

I.  C.+L  S.  ("hmer  shield") 

LC.+LS.+S1 1 

L  C.+L  S.+Si+Sj 

L  C.+L  S.+Si+S«+Sj 

L  C.+L  S.+Si+S»+S8+S4+S5 

Ibid,  covered  with  3  sheets  of  trans- 
former inm. 

I.  C.+I.  S.+S1+S1+S3+S4+S6  (all  of 
single  thickness) 

Using  an  astatic  system: 

LC 

I.C+I.S 


Shieldlnz 
ratio 

lai 

57.5 

226lO 

373.0 

675.0 

169a  0 

1790.0 

104a  0 

18.0 

71.0 
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Using  five  cylinders  of  single  thickness  (see  Table  2  for  thickness 
of  material)  wrought-iron  gas  pipe,  instead  of  the  same  number 
of  extra  heavy  cylinders  just  described,  the  shielding  ratio  was 
only  about  one-half  as  large.  This  shows  the  importance  of  using 
the  heaviest  shields  that  can  be  obtained.  The  total  weight  of 
iron  in  this  galvanometer  when  using  the  extra  heavy  iron  shields 
was  over  64  kgs. 

The  shielding  ratio  is  apparently  only  one-half  that  attained  by 
Nichols  and  Williams."  It  is  to  be  noted,  however,  that  they 
reduced  their  observations  on  the  basis  that  the  deflection  pro- 
duced  is  proportional  to  the  square  of  the  time  of  vibration.  In 
the  present  test  with  all  the  shields  in  place,  the  time  of  vibration 
(single  swing)  happened  to  be  four  seconds  instead  of  two  sec- 
onds which  obtained  when  the  magnet  was  in  the  imshielded  glass 
tube.  On  the  basis  that  the  deflection  is  proportional  to  the 
square  of  the  period  (which  is  true  only  for  a  vacuum  galvanome- 
ter) the  shielding  ratio  would  be  four  times  the  value  recorded. 
From  all  the  experimental  data  at  hand,  concerning  the  time  of 
swing  of  a  galvanometer  needle  in  air,  the  reduction  of  observa- 
tions on  the  basis  of  the  square  of  the  period  is  erroneous.  In  this 
test  conditions  were  closely  the  same  as  those  which  obtain  in 
practice,  excepting  that  an  astatic  system  is  less  easily  perturbed 
than  a  single  needle.  From  the  experimental  work  of  Nichols 
and  Williams  the  shielding  ratio  would  be  greatly  increased  by 
annealing  the  iron  cylinders.  In  the  present  test  the  cylinders 
were  not  annealed. 

In  view  of  the  fact  that  this  shielding  test  was  not  applied  to 
galvanometer  No.  2  (Fig.  6)  it  may  be  added  that  its  zero  reading 
is  as  steady  as  the  new  galvanometer,  showing  that  its  shielding 
is  sufficient  in  the  present  location,  although  it  can  not  be  as 
effective  as  the  new  combination  which  employs  the  extra  wrought- 
iron  cylinders  just  described. 

V.  TEST  OF  A  VACUUM  GALVANOMETER 

In  a  previous  paper  "  experiments  were  described  on  the  behav- 
ior  of  a  certain  galvanometer  suspension  in  a  vacuum  of  less  than 
o.i  mm.  in  which  the  sensitivity  was  not  proportional  to  the 
square  of  the  period,  as  was  supposed  to  obtain  when  the  air 
damping  is  removed.  Evidently  there  was  considerable  damping 
by  the  residual  air.  It  was  therefore  of  interest  to  make  a  further 
test  on  a  very  light  magnet  system  in  a  high  vacuum  produced  by 

^^  Nichols  and  Williams.  Phys.  Rev.,  27,  p.  350;  1908.  ^  This  Bulletin,  11,  p.  177;  19x4. 
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removing  the  residual  air  by  tQeans  of  hot  metallic  ealcitmi. 
Furthermore,  it  was  of  interest  to  make  the  test  on  a  single  set  of 
magnet  needles  instead  of  an  astatic  system,  in  view  of  the  excel- 
lent magnetic  shielding  just  described,  which  makes  it  possible 
to  dispense  with  the  astatic  system  of  magnet  needles.  In  the 
test  just  described  on  magnetic  shielding,  it  was  noticed  that  the 
single  set  of  magnet  needles  was  practically  as  well  shielded  as 
the  astatic  system  consisting  of  two  sets  of  magnet  needles.  The 
obvious  advantages  in  using  a  single  set  of  magnet  needles  are  (i) 
the  requirement  of  but  two  galvanometer  coils  and  (2)  the  reduc- 
tion of  the  weight  of  the  magnet  system;  thus  practically  doubling 
the  sensitivity.  Theoretically,  of  course,  each  set  of  magnets  in 
an  astatic  system  is  affected  by  the  current  in  the  adjacent  coils, 
thus  incr^ising  the  deflection.  Hence,  one  set  of  magnet  needles 
would  not  be  so  efficient  magnetically  in  spite  of  the  increase  in 
sensitivity  due  to  decrease  in  weight.     In  other  words,  the  sensi- 

m 

tivity  would  not  be  quite  doubled  by  simply  removing  one  set  of 
magnets  from  the  astatic  system.  Owing  to  mechanical  difficul- 
ties in  construction  it  is  frequently  fotmd  difficult  to  obtain  agree- 
ment between  theory  and  practice.  However,  in  the  present  case 
there  is  a  close  agreement  with  theory.  It  will  be  shown  presently 
that  the  single  set  of  magnets,  in  an  astatic  pair,  is  not  quite  twice 
as  efficient  (sensitive)  as  the  astatic  pair. 

In  the  experiments  now  to  be  described  the  sensitivity  of  an 
astatic  system  in  air  was  determined  for  different  periods.  The 
lower  set  of  magnets  was  then  removed  (see  Fig.  2  for  photographs 
of  astatic  magnet  systems)  and  the  sensitivity  was  again  tested 
for  different  periods.  In  both  tests  only  the  two  upper  (21 -ohm) 
coils  of  the  galvanometer  previously  employed  in  measuring  heat 
from  stars  (Fig.  2)  were  used.  The  coils  were  joined  in  parallel 
giving  a  resistance  of  about  10  ohms.  A  still  higher  sensitivity 
than  was  attained  in  the  present  tests  is  to  be  expected  by  using 
two  coils  of  low  resistance  joined  in  series. 

For  making  the  test  in  a  vacutun  the  galvanometer  was  placed 
on  a  ground  glass  and  covered  with  a  glass  bell  jar  about  9  cm  in 
diameter,  which  prevented  the  use  of  the  "  inner  shield  "  of  trans- 
former iron.  However,  the  other  shields  of  soft  wrought-iron  gas 
pipe  were  sufficient  to  quite  effectively  shield  the  single  set  of 
magnets. 

The  vacuum  was  maintained  by  means  of  metallic  calcium  ^* 
in  a  quartz-glass  test  tube,  heated  with  an  alcohol  lamp.    This  was 

M  This  Bulletin.  11,  p.  185;  19x4. 
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of  course,  merely  a  temporary  arrangement  for  making  this  test. 
The  vacuum  galvanometer  for  star  work  will/of  course,  be  properly 
designed  as  the  results  of  these  various  tests. 

The  astatic  system  of  magnets  used  in  these  tests  consisted  of 
two  groups  of  magnets.  Each  group  consisted  of  four  magnets 
from  1.4  to  1.6  mm  in  lenght,  0.25  mm  in  width,  and  o.i  mm  in 
thickness.  The  glass  staff  was  o.i  mm  in  thickness.  The  two 
groups  of  magnets  were  29  nun  apart;  and  the  glass  mirror  was 
attached  at  the  center  of  the  staff.  This  glass  mirror  was  plati- 
nized by  cathode  disintegration.  It  was  made  from  especially 
prepared  glass  "  0.15  mm  in  thickness.  Its  surface  was  1.3  mm 
by  1.6  mm.  By  using  a  telescope  with  a  very  good  eyepiece,  a 
still  smaller  mirror  could  be  used.  In  photographic  registration 
a  much  smaller  mirror  could  be  used,  thus  increasing  the  sensi- 
tivity. 

The  cinrent  used  to  excite  the  galvanometer  was  i«  1.45  X  lo-* 
amperes.  This  produced  the  deflections  shown  in  curve  i,  Fig.  7, 
the  scale  being  at  i  .4  m.  Using  this  suspension  the  deflection  is 
directly  proportional  to  the  period,  as  reported  in  previous  papers, 
when  using  heavy  suspensions  in  air. 

On  removing  the  lower  set  of  magnets,  the  weight  of  the  suspen- 
sion (which  was  now  about  i  .8  mg)  was  so  much  reduced  that  slight 
tremors  were  noticeable.  As  shown  in  curve  2,  Fig.  7,  the  sensi- 
tivity was  about  doubled  by  removing  the  lower  set  of  magnets. 
This  curve  gives  observations  made  on  two  different  days,  the  values 
being  slightly  lower  on  the  second  day.  The  air  damping  is  very 
marked  as  shown  by  the  curvature  in  the  graph. 

On  reducing  the  air  pressure  to  about  o;  i  mm  the  sensitivity  of 
this  set  of  miagnets,  for  a  two-second  swing  is  2.5  times  that  of  the 
astatic  system.  Finally,  by  removing  the  residual  air  by  heating 
the  metallic  calcium,  the  sensitivity  is  proportional  to  the  square 
of  the  period  (curve  3,  Fig.  7),  so  that  by  changing  the  time  of 
single  swing  from  two  seconds  to  six  seconds  the  sensitivity  is 
increased  from  i  =  9  x  10^"  amperes  to  z  « i  X  10-"  amperes. 
The  previous  work  on  stars  indicated  that  a  single  swing  of  five  to 
six  seconds  is  easily  controlled. 

With  all  the  air  removed  a  new  difficulty  arises  from  the  lack  of 
damping  of  the  galvanometer  needle,  which  keeps  swinging  back 
and  forth  10  to  15  times  before  coming  to  rest.  In  practice  it 
may  therefore  be  better  to  have  a  small  amount  of  air  present  for 

*^  This  Bulletin,  11,  p.  177;  29x4. 
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damping,  instead  of  providing  other  means  for  bringing  the  needle 
to  rest. 

The  performance  of  the  galvanometer  suspension  used  in  1914 
in  measuring  the  radiation  from  stars  "  is  shown  in  curve  5,  Fig.  7, 


I 

I 

u 

In 


6  Sec^ 

Fio.  7. — Test  of  current  sensitivity  of  a  galvanometer  in  air  and  in  a  vacuum 

the  time  of  single  swing  being  about  three  seconds  and  the  sensi- 
tivity being  about  i  =  2  x  10  —  *®  amperes  for  a  scale  at  2  m.  The 
sensitivity  of  that  suspension  in  air  is  therefore  somewhat  (20  per 
cent)  higher  than  the  one  used  in  the  present  test.     Hence,  using 


u  This  BuUetiii.  11,  p.  6x3;  19x5. 
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only  one  set  of  magnets  of  this  astatic  pair,  a  still  higher  sensi- 
tivity is  to  be  expected  than  was  attained  with  the  suspended 
system  just  described. 

From  the  foregoing  tests  it  is  evident  that  the  sensitivity  of  this 
outfit  is  about  10  times  (for  the  same  swing)  that  used  in  the 
preceding  measurements  of  heat  from  stars.  This  was  accom- 
plished by  using  a  lighter  suspension  in  a  vacuum.  It  is  to  be 
remembered,  however,  that  a  lighter  suspension  had  been  pro- 
vided for  the  previous  work,  but  not  having  a  separate  pier  for  the 
galvanometer  no  attempt  was  made  to  use  a  higher  sensitivity 
than  i  =  I  X 10-^®  amperes. 

These  tests  are,  of  course,  only  preliminary  and  of  a  cursory 
nature.  By  concentrating  one's  efforts  upon  the  vacuum  galva- 
nometer as  it  will  be  used  (by  trying  various  suspensions)  it  ap- 
pears possible  to  produce  a  sensitivity  of  t  =  5  X  lO""  amperes  on 
a  single  swing  of  five  to  six  seconds,  so  that  by  reading  to  a  frac- 
tional part  of  a  scale  division  one  can  observe  deflections  caused 
by  ciurrents  of  the  order  of  i  X 10-"  amperes.  Such  a  high  sensi- 
tivity is  possible  with  the  set  of  magnets  used  in  the  present  test 
by  lengthening  the  time  of  swing  from  eight  to  nine  seconds. 
The  general  experience  in  radiometric  work  is  that,  at  certain 
times,  meteorological  conditions  are  sufficiently  steady  so  that  the 
time  of  single  swing  of  the  galvanometer  can  be  increased  to  12 
or  15  seconds  (observations  on  curve  2,  Fig.  7,  were  made  on  a 
single  swing  of  16  to  17  seconds),  thereby  enabling  one  to  obtain 
a  sensitivity  of  i=i  X  io~"  amperes,  and,  by  reading  fractional 
parts  of  a  scale  division,  5  x  10-"  amperes. 

For  controlling  such  a  high  sensitivity  it  will  be  necessary  to 
design  the  instrtunent  so  as  to  shield  it  from  static  changes  such  as 
were  observed  in  the  previous  measurements  of  stellar  radiation. 

In  the  previous  paper,"  giving  the  measurements  on  the  radia- 
tion from  stars,  the  conclusion  arrived  at  was  that  it  is  desirable 
to  increase  the  sensitivity  of  the  stellar  radiometer  20  times;  by 
increasing  the  sensitivity  of  the  thermopile  2  times  and  the  gal- 
vanometer ID  times.  The  foregoing  experiments  indicate  the 
manner  in  which  the  galvanometer  sensitivity  may  be  easily  in- 
creased by  10  to  15  times  that  used  in  the  previous  investigation. 

M  xhis  BuUetin.  11.  p.  6x5;  19x5. 
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VI.  SUMMARY 

The  present  paper  gives  the  results  of  an  investigation  of  the 
force  exerted  by  various  galvanometer  coils  as  compared  with  a 
set  of  three  coils  used  as  standards.  Some  of  the  coils  were  woimd 
according  to  theoretical  requirements,  while  others  were  woimd 
empirically.  Numerical  data  are  given  relating  to  the  force 
exerted  by  coils  having  various  resistances.  A  simple  coil  is 
described,  wotmd  with  a  single  size  of  wire  (No.  28)  which  was 
f otmd  to  be  very  efficient. 

A  9-ohm  coil  (see  test  on  the  8.6-ohm  coil)  is  described  which  is 
very  efficient  and  is  well  adapted  to  be  used  with  the  bismuth- 
silver  thermopiles  previously  described. 

A  comparison  is  madfe  of  various  astatic  magnet  systems  and 
data  are  given  showing  the  importance  of  using  small  mirrors  in 
order  to  increase  the  sensitivity. 

Experiments  are  described  on  shielding  the  galvanometer  needle 
from  external  magnetic  disturbances.  The  galvanometer  coils  are 
mounted  in  cavities  cut  into  blocks  of  Swedish  iron,  which  reduce 
the  air  ^)ace  and  act  as  a  magnetic  shield.  This  elimination  of 
convection  currents  greatly  improves  the  steadiness  of  the  needle 
system.  Various  shields  are  described,  consisting  of  laminated 
cylinders  made  from  transformer  iron  and  solid  cylindrical  shells 
cut  from  wrought-iron  gas  pipe.  By  imbedding  the  galvanometer 
coils  in  blocks  of  Swedish  iron  which  are  surroimded  by  cylindrical 
shells  of  transformer  iron  and  of  wrought  iron,  the  effect  of  exter- 
nal magnetic  perturbations  upon  the  astatic  needle  system  is  easily 
reduced  to  1/2000  of  its  original  value. 

Experiments  on  a  vacutun  galvanometer  are  described,  in  which 
a  sensitivity  was  attained  which  is  more  than  tenfold  that  used 
in  the  writer's  previous  work  on  stellar  radiation. 

Washington,  October  8,  191 5. 
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NOTE  !•     MOUNTING  FOR  VACUUM  THERMOPILES 

The  object  of  this  note  is  to  summarize  some  of  the  results 
given  in  previous  papers  on  thermopiles  and  to  describe  a  new 
mounting  for  vacutun  thermopiles. 

During  the  past  few  years  there  has  arisen  a  need  for  a  sensitive 
radiometer  for  measuring  light  stimuli  which  are  used  in  various 
physical,  physiological,  and  psychological  problems.  The  instru- 
ment must  be  simple  in  operation  so  that  it  can  be  used  by  expe- 
rimenters who  have  had  but  little  experience  in  radiometry.  The 
linear  thermopile  of  bismuth  '®  with  connecting  wires  of  copper  or 
silver  was  designed  with  the  view  of  supplying  this  need  of  a  sensi- 
tive radiometer  which  can  be  operated  in  air,  thus  avoiding  an 
additional  equipment  for  maintaining  a  vacuiun.  However,  as 
mentioned  in  previous  papers,  the  linear  thermopile  is  not  an  effi- 
cient instrument  in  comparison  with  a  single  thermojunction. 
For  example,  a  linear  thermopile  of  i6  jimctions  is  only  four  times 
as  sensitive  as  a  single  junction  of  this  same  instrument.  In  a 
vacutun,  such  as  one  can  easily  produce  with  an  oil  pump,  the 
sensitivity  of  the  linear  thermopile  is  doubled,  so  that,  by  reduc- 
ing the  gas  presstire  to  0.005  to  0.0 1  mm,  the  sensitivity  of  the 
linear  thermopile  is  from  eight  to  ten  times  that  of  a  single  junc- 
tion of  bismuth-silver  (or  copper)  in  air. 

Copper  or  silver  connecting  wires  are  used  in  the  linear  thermo- 
pile in  order  to  maintain  a  low  resistance.  When  using  a  single 
thermocouple  the  resistance  is  of  minor  importance.  It  is  there- 
fore possible  to  increase  the  radiation  sensitivity  of  the  thermo- 
junction by  using  a  metal  which  has  a  lower  heat  conductivity 
than  copper  or  silver.  In  the  thermocouples  used  in  meastuing 
heat  from  stars  '^  the  radiation  sensitivity  was  doubled  by  con- 
necting the  bismuth  with  platinum  instead  of  silver  wire.  The 
radiation  sensitivity  of  the  bismuth-platintun  thermocouple  was 
further  increased  f oiu:  to  five  times  when  it  was  used  in  a  vacuum 
maintained  by  means  of  metallic  calcitun,  so  that  the  total  radia- 
tion sensitivity  was  about  ten  times  that  of  a  single  bismuth-silver 

^  Tliis  Bulletin,  9,  p.  7,  X9X2;  11,  p.  132,  2914.       "  This  Bulletin,  11.  p.  163,  19x4;  11,  p.  6x3, 19x5. 
444 


Cobuntz]        Experimental  Tests  on  Thomson  Galvanometers  445 

thennojunction  used  in  air.  In  other  words,  this  single  junction 
of  bismuth-platintun,  in  a  high  vacutun,  was  about  twice  as  sensi- 
tive as  a  linear  thermopile  in  air,  having  1 6  junctions  of  bismuth- 
copper  (or  silver)  and  having  sixteen  times  the  receiving  surface. 
However,  greater  care  is  required  in  operating  the  vacuum  ther- 
mocouple. 

The  method  of  construction  of  a  radiometer  depends  entirely 
upon  the  manner  in  which  the  instrument  is  to  be  applied.  The 
most  common  use  of  a  thermopile  is  no  doubt  in  connection  with 
spectral  energy  measurements,  and  the  present  discussion  has 
reference  to  this  particular  application.  As  mentioned  in  previ- 
ous papers,  but  little  work  has  been  done  on  the  radiation  from 
solids  and  gases  in  the  visible  and  ultra-violet  part  of  the  spec- 
trum. This  is  attributable  chiefly  (i)  to  the  low  intrinsic  bril- 
liancy of  most  of  the  present-day  illuminants,  (2)  to  the  low  light- 
gathering  power  of  the  telescopes  used  in  the  spectrometers,  and 
(3)  to  the  low  sensitivity  of  the  radiometers.  The  amotmt  of 
energy  to  be  measured  is  defined  by  the  width  and  height  of  the 
spectrum.  By  using  a  curved  radiometer  slit  which  fits  the 
curvature  of  the  image  of  the  spectroscope  slit  it  is  possible  to 
utilize  a  greater  height  of  the  spectrum  than  is  possible  with  the 
slits  which  are  usually  supplied  by  makers  of  spectroscopic  appa- 
ratus, and  the  axnotmt  of  radiant  energy  available  is  proportion- 
ately increased.  In  cases  where  the  absorption  of  the  mirror  is 
negligible  or  where  corrections  can  be  applied  to  the  energy 
measurements  it  is  more  efficient  to  use  a  single  thermo junction 
and  concentrate  the  whole  spectral  line  upon  it  by  means  of  a 
concave  cylindrical  xnirror  than  to  use  a  linear  thermopile  which 
intercepts  the  whole  length  of  the  spectrometer  slit.^*  By  this 
means  one  will  obtain  about  sixteen  times  the  sensitivity  of  a  single 
thermojunction,  whereas  a  sensitivity  (a  galvanomer  deflection) 
of  only  four  times  that  of  a  single  jimction  would  be  produced  by 
a  linear  thermopile  of  16  junctions  which  intercepted  all  the  radia- 
tions falling  upon  the  spectrometer  slit. 

The  thermopile,  while  more  steady  than  a  bolometer,  is  not 
entirely  free  from  disturbances  by  air  currents.  It  is  therefore 
desirable  to  use  it  in  a  well-constructed  chamber  which  can  be 
evacuated.  This  increases  both  the  steadiness  of  the  galvanom- 
eter readings  and  the  sensitivity  of  the  radiometer.  It  is  desirable 
to  be  able  to  use  the  instrtunent  in  an  independent  mounting  as 

n  'fhia  BuUetin,  11,  p.  169;  X914. 
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well  as  when  attached  to  a  spectroscope.  Both  the  vacutun  ar- 
rangement and  the  mterchangeable  mounting  are  therefore  em- 
bodied in  a  new  design  shown  in  Pig.  8,  which  shows  the  con- 
tainer for  the  thermopile  raised,  thus  exposing  the  spectrometer 
slit,  S.  The  vacuum  container  is  provided  with  a  wide  (12  mm) 
flange  cttid  the  cover  is  sufficiently  thick  (5  mm)  to  prevent  warp- 
ing, so  that  the  vacuum  is  more  easily  maintained  than  in  the 
design  previously  described.  The  opening  for  admitting  radiation 
upon  the  thermopile  is  covered  with  a  window,  as  shown  in  Fig.  4 
of  the  previous  paper."  The  lead  wires  of  the  thermopile  are 
brought  out  of  the  container  by  passing  them  through  a  fiber 
bushing  and  attached  to  copper  binding  posts,  as  shown  in  the  pho- 
tograph. A  bit  of  Chatterton  compoimd  is  applied  at  the  point 
where  the  wires  emerge  from  the  fiber  bushing.  In  this  manner 
it  is  possible  to  easily  produce  an  air-tight  connection  to  the 
thermopile. 

In  the  designs  previously  described,  the  heavy  copper  binding 
posts,  which  acted  as  heat  reservoirs,  extended  into  the  containing 
vessel,  and  the  lead  wires  to  the  thermopile  were  attached  on  the 
inside  of  the  receptacle.  In  this  manner  air  currents  could  not 
easily  cause  temperature  fluctuations  in  the  wires.  In  the  present 
design  the  conducting  wires  to  the  thermopile  are  attached,  within 
the  receptacle,  to  heavy  (No.  24)  copper  wires  which  pass  through 
the  insulating  bushing  to  the  heavy  copper  binding  posts,  as 
shown  in  Fig.  8.  Air  cturents  across  the  exposed  parts  of  these 
wires  may  cause  temperattu-e  fluctuations  which  may  be  commu- 
nicated to  the  thermopile.  The  exposed  parts  df  these  heavy  lead 
wires  between  the  binding  posts  and  the  container  are  therefore 
covered  with  rubber  tubing  in  order  to  shield  them  from  air  cur- 
rents. The  lead  wires  to  the  galvanometer>  are  heavy  "twisted 
lamp  cord,"  as  previously  described. 

u  Xhifl  Bulletin,  11,  p.  156;  19x4. 
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-  Fig.  8. — Mounting  for  a  vacuum  thermopile  which  can  be  allached  to  a  spectrortuter 


VOLUME  EFFECT  IN  THE  SILVER  VOLTAMETER 


By  E  B.  Roia  and  G.  W.  Vrnal 


In  several  of  our  earlier  papers  ^  we  have  described  a  phenome- 
non which  we  have  called  the  "volume  effect."  This  consisted 
in  an  excess  weight  of  deposit  in  the  large-size  voltameters  over 
that  in  the  smaller  sizes  which  were  used  simultaneously  in  series. 
This  difference  was  seldom  very  large  and  was  generally  attributed 
to  experimental  error  prior  to  the  middle  of  February,  1910.  By 
this  time,  however,  so  many  cases  of  the  excess  deposit  in  the 
larger  sizes  of  voltameter  (both  porous  cup  and  siphon  forms)  had 
occurred  that  a  careful  analysis  of  the  preceding  results  was  made. 
The  ratio  of  the  deposit  in  the  large-size  voltameter  to  the  deposit 
in  the  small  size  was  computed  for  every  reliable  experiment  where 
large  and  small  voltameters  were  used  in  series  and  were  identical 
in  all  particulars  except  the  size  of  the  cups  and  the  volume  of  the 
electroljrte.  Shortly  alter  this  we  prepared  a  statement  of  otir 
results  for  the  International  Technical  Committee,  and  briefly  dis- 
cussed ^  this  volume  effect.  Although  we  have  referred  to  it  more 
in  detail  in  our  later  publications  *  and  have  given  quantitative 
evidence  of  its  reality  and  have  prepared  a  theory  to  accotmt  for  it, 
misunderstanding  has  arisen  concerning  it  and  some  writers  have 
even  questioned  its  reality.  Von  Steinwehr  ^  has  stated  that  since 
we  have  observed  it  only  in  the  porous-cup  form  of  voltameter 
(which,  however,  is  not  the  case)  it  must  be  due  to  an  error  caused 
by  the  porous  cup,  and  hence  the  porous  cup  should  be  discarded. 
Richards  and  Anderegg,"  finding  their  own  voltameters  (in  two 
experiments)  to  show  an  excess  deposit  in  the  large  size  before 
heating  the  cups  and  deposits  to  redness,  concluded  that  the  excess 
weight  was  due  to  mother  liquor  imprisoned  between  the  stu-f  ace  of 
the  cup  and  the  crystals,  the  amount  being  greater  in  the  large  cup 

1  This  Bulletin,  9.  pp.  154,  168,  514. 

*  Sttpplonent  to  Report  of  the  IntemationAl  Committee,  p.  9;  19x3. 
8  This  BttUetin,  10,  p.  530;  18.  p.  167. 

*  Zs.  f.  Instrk.,  88,  p.  3^1;  1913. 

*  J.  Am.  Chem.  See.,  87,  p.  ao;  1915. 
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because  of  the  greater  surface.  More  recently,  Jaeger  and  von 
Steinwehr  *  have  stated  that  there  are  no  systematic  experiments 
shovmig  the  volume  effect  in  any  other  form  of  voltmeter  but  the 
porous-cup  form.  We  have  previously  called  attention  to  the 
fact '  that  the  volume  effect  was  evident  in  Lord  Rayleigh's  experi- 
ments using  the  filter-paper  voltameter.  Averaging  all  of  his  com- 
parisons of  large  and  small  voltameters  there  is  an  outstanding 
difference  of  14.5  in  100  000,  the  large  voltameters  usually  having 
the  heavier  deposit.  In  only  i  case  out  of  10  did  his  small  volta- 
meter show  an  excess  of  deposit  over  the  large  size.  Ja^er  and 
von  Steinwehr  •  express  the  opinion  that  the  accuracy  of  Lord  Ray- 
leigh's  results  is  not  sufficient  to  establish  the  reality  of  this  differ- 
ence. This  might  be  granted  if  there  was  no  other  evidence,  but 
at  least  it  tends  to  confirm  the  large  amount  of  evidence  we  shall 
present  below  as  to  the  reality  of  the  volume  effect. 

In  dealing  with  such  a  phenomenon  as  the  volume  effect  where 
the  differences  are  not  far  removed  from  the  experimental  error,  we 
can  best  treat  a  large  number  of  observations  by  statistical  methods. 
Since  the  volume  effect  involves  a  comparison  of  two  voltameter 
deposits,  each  of  which  is  subject  to  an  experimental  error,  it  is 
natural  that  the  experimental  error  of  the  ratio  should  be  larger 
than  for  the  single  determinations. 

If  5i  represents  the  weight  of  deposit  in  a  large  voltameter  and 
5,  the  weight  of  deposit  in  a  small  voltameter  then  we  may  put 

If  the  probable  error  of  S^  is  r^  and  of  5,  is  r,,  then  the  probable 
error  of  Z  is  /?  as  defined  by  the  equation  • 

Equation  (i)  after  differentiating  becomes 
dividing  (2)  by  Z'  we  have 

•  Zs.  f.  Instrk.,  M.  p.  335:  19x5.  »  This  BtiUetin,  10,  p.  jjo.  »  Loc  ctt. 
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Bach  term  of  (3)  represents  a  percentage  probable  error.     The 

magnitudes  of  ^*  and  ^  are  found  by  referring  to  otu"  previous 

papers.  For  example,  if  we  use  the  second  series  of  quantitative 
results,*  we  find  by  a  computation  0.0034  P^r  cent  for  the 
large  size  and  0.0026  per  cent  for  the  small  size.  These  are  slightly 
higher  than  for  our  last  and  best  work.  Substituting  these  values 
in  (3)  we  obtain  as  the  value  of  R,  since  Z  is  practically  unity 

R  =  0.0043  per  cent. 

This,  then,  is  the  probable  error  of  a  single  determination  of  the 
volume  effect  for  the  cases  in  which  the  salt  was  used  as  purchased. 

To  make  the  best  use  of  all  the  data  at  hand  we  have  subdivided 
our  results  into  three  classes*  The  first  class  includes  all  of  our 
determinations  made  with  the  ordinary  market  variety  of  c.  p. 
silver  nitrate  and  it  includes  salt  ptu"chased  from  J.  T.  Baker  &  Co., 
of  America;  Baird  &  Tatlock,  of  England;  the  Gold-  imd  Silber- 
Scheide-Anstalt,  of  Germany;  and  Poulenc  Frferes,  of  France. 
The  second  class  includes  all  of  oiur  determinations  given  in  our 
latest  and  best  work  pf  the  Part  IV  ^®  (except  where  a  direct 
comparison  of  size  of  voltameter  was  not  available).  In  all  the 
observations  for  class  2  the  salt  used  for  preparing  the  electrolyte 
was  tested  by  otu"  permanganate  and  acidity  tests  "  and  found 
satisfactory.  Such  samples  of  salt  for  class  i  as  were  tested  by 
these  same  tests  were  not  foimd  satisfactory.  The  third  class  of 
results  includes  cases  in  which  the  electrol3rte  was  ptuposely  con- 
taminated with  filter  paper  or  the  extract  of  filter  paper.  Seven 
out  of  the  nine  of  these  determinations  were  made  recently. 

The  analysis  of  otu*  observations  is  perhaps  most  conveniently 
and  convincingly  presented  by  means  of  two  diagrams.  In  the 
first  (Fig.  i)  we  have  only  the  results  using  the  porous-cup  volta- 
meter, in  order  that  the  results  so  obtained  may  be  compared  with 
those  of  the  second  diagram  (Fig.  2) ,  which  includes  the  restdts  using 
the  Kohlrausch  voltameter  (points  marked  K) ,  the  siphon,  the  new 
form  of  Mr.  Smith,  and  the  filter  paper  form  (F).  For  each  dia- 
gram the  abscissae  are  ratios  of  the  volume  of  electrolyte  in  the 
large  voltameter  to  that  in  the  small  size  and  the  ordinates  are 
ratios  of  the  silver  deposit  in  the  large  voltameter  to  that  in  the 
small  size. '  Electrolytes  used  as  the  salt  was  ptu-chased  without 
further  purification  and  without  satisfying  the  permanganate  and 

« 

*  This  Bulletin.  9,  pp.  504, 506.  ^^  This  Bulletin.  10.  p.  475.  "  This  Bulletin,  9,  p.  534. 
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acidity  tests  are  designated  by  solid  black  dots.  The  second 
class — ^that  is,  electrolytes  made  from  purified  salt  which  was  sat- 
isfactory by  our  tests — ^is  designated  by  the  circles,  and  the  third 
class,  of  especially  contaminated  electrolytes,  is  represented  by 
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crosses.     Each  point,  therefore,  represents  the  ratio  of  the  deposit 
in  the  large  size  to  that  in  the  small  size,  the  two  voltameters  being 
exactly  similar  in  all  respects  but  the  volume  of  electrolyte.    The  . 
only  exception  to  this  is  in  the  case  of  the  siphon  voltameter.     It 
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is  not  practicable  to  use  a  siphon  voltameter  having  as  small  a 
volume  as  our  ordinary  small  voltameters  (90  to  100  cc)  since  the 
resistance  of  such  an  instrument  would  be  too  high.  In  this  case, 
therefore,  we  have  had  to  compute  the  ratio  of  the  deposit  in  the 
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siphon  voltameter  to  the  deposit  in  a  small  porous-cup  voltameter 
used  simultaneously.  However,  if  all  the  siphon  determinations 
were  thrown  out  on  this  accoxmt  the  essential  facts  would  remain 
the  same. 
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We  may  now  set  down  certain  observations  regarding  these 
two  diagrams  which  we  think  are  justified  by  the  results. 

1 .  In  no  case  did  the  ratio  of  deposits  from  electrolytes  as  pur- 
chased fall  below  unity.  This  means  that  the  deposit  in  the  large- 
size  voltameter  was  always  greater  than  in  the  small  size.  This 
is  equally  true  for  all  the  forms  of  voltameter  used.  There  were  26 
such  observations  with  the  porous-cup  voltameter,  9  observations 
with  the  siphon  form,  2  observations  with  the  Kohlrausch  form, 
and  I  with  the  new  form.    Total  number  of  observations,  38. 

2.  In  the  case  of  pure  electrolytes — ^that  is,  those  represented  by 
circles — ^the  observations  show  that  the  deposits  in  the  small  vol- 
tameters often  exceeded  those  in  the  large  voltameters.  In  the 
case  of  the  porous-cup  voltameters  there  are  3 1  observations  with  a 
ratio  of  unity  or  greater  and  25  observations  with  a  ratio  of  less 
than  imity.  With  the  new  form,  6  observations  are  greater  than 
unity  and  14  less.  Two  observations  with  the  siphon  form  are 
greater  than  unity,  and  there  are  no  observations  at  all  with  the 
Kohlrausch  form.  In  all  there  are  39  observations  greater  than 
unity  and  39  observations  less  than  unity,  showing  no  tendency 
whatever  for  the  deposit  to  be  heavier  in  the  larger  voltameter 
when  the  electrolyte  is  of  the  highest  purity. 

3.  The  observations  with  electrol3rtes  purposely  contaminated  all 
lie  far  above  the  value  unity.  Six  observations  were  made  with 
the  porous-cup  voltameter,  2  with  the  filter-paper  form,  and  i 
with  the  Kohlrausch  form. 

4.  The  above  conclusions  show  that  the  general  facts  are  the 
same  for  all  of  the  different  forms  of  voltameters  with  the  several 
classes  of  electrolyte.  This  is  clearly  seen  by  referring  to  the 
curves.  As  the  points  are  necessarily  scattered  we  must  depend 
on  the  statistical  metliod  of  treating  the  observations.  Thus,  if  we 
compute  tlie  equation  of  the  most  probable  straight  line  repre- 
senting porous-cup  observations  with  pure  electrol3rte  we  obtain 
j/  =  o.6x.  If  we  do  the  same  for  the  new  form  and  siphon  obser- 
vations, we  obtain  y^o.jx^  which  is  almost  perfect  agreement  and 
closer  than  would  be  expected.  The  line  in  each  case  is  nearly  hori- 
zontal. The  slight  inclination  appears  to  show  that  not  all  the  elec- 
trol3rte  was  perfectly  pure,  which  of  course  was  hardly  to  be  ex- 
pected. For  the  electrolyte  as  purchased — ^that  is,  slightly  im- 
pure— ^we  compute  for  the  porous-cup  voltameter  y = 4.0a;  and  simi- 
larly for  the  Kohlrausch,  new  form,  and  siphon  forms  y  =  6.ix. 
These  are  both  very  different  from  the  line  representing  pure  elec- 
trol3rtes,  the  porous-cup  form  showing,  however,  a  smaller  effect. 
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Taking  the  third  class  of  electrolytes — that  is,  those  which  have 
been  intentionally  contaminated  by  the  addition  of  filter  paper — ^we 
compute  for  the  porous-cup  observations  ;/  =  1 4. 2x  and  for  the  Kohl- 
ratisch  and  filter  paper  forms  y  =  14.0a;.  This  close  agreement  is 
of  course  accidental,  but  that  the  line  has  a  much  greater  slope 
than  for  the  second  class  is  not  accidental. 

For  convenience  these  equations  have  been  computed  on  the 
assumption  that  the  origin  of  coordinates  is  at  the  point  y—i, 
x  —  iy  and  they  are  so  given  here  to  avoid  the  unnecessary  com- 
plication of  a  term  giving  the  intercept  on  the  y  axis.  The  value 
of  these  equations  is  merely  to  show  the  similarity  of  the  values 
for  the  slopes,  but  if  it  is  desired  to  write  the  equations  referred 
to  the  true  origin  they  can  of  course  be  very  simply  transformed. 

If  it  be  objected  that  because  the  siphon-voltameter  deposits 
have  been  computed  as  the  ratio  to  the  deposit  in  the  small 
porous-cup  voltameter,  as  explained  on  page  451,  an  inspection 
of  figure  2  will  show  that  even  omitting  all  these  observations  with 
the  siphon  no  material  change  woidd  be  made  in  the  slope  of  any 
of  the  curves,  particularly  in  the  case  of  the  curve  y^6.ix,  which 
includes  most  of  the  siphon  observations. 

5.  From  the  above  it  appears  that  our  previous  statements  as 
to  the  volume  effect  were  justified.  The  volume  effect  is  caused 
by  impurities  in  the  electrol3rte.  It  is  not  confined  to  the  porous- 
cup  voltameter,  but  occurs  with  all  types,  and  is  greater  when  the 
impurities  in  the  electrol)rte  are  greater  and  disappears  when  the 
dectroijrte  is  strictly  pure. 

6.  In  a  previous  paper  Vinal  and  Bovard"  showed  that  the 
volume  effect  was  not  due  to  greater  inclusions  in  the  large-size 
voltameter,  as  supposed  by  Richards  and  Anderegg.^' 

We  give  in  the  table  below  some  restdts  recently  obtained  at 
the  Bureau. 

TABLE  1 


Form 


voter  paper 
Do 

"POtOOB  cup. 

KfllUniiisch 
Furotu  Clip. 


l 


Contaminated 


Large 


mg 

4212.00 

4069.59 

4492.27 

4244.26 

4277.83 


SmaU 


xng 

4210.00 
4069.18 
4491.06 
4243. 12 
4276.86 
a  4276. 72 


xng 
2.00 

.41 
1.21 
1.14 

.97 
1.11 


Uncontaxninated 


Large 


xng 

4206.02 

4067.75 

4489.83 

4241.99 

4275.99 


Small 


mg 

4205.07 

4068.19 

4489.49 

4241.37 

4275.52 


mg 

0.95 

-.44 

.34 

.62 

.47 


u  Hut  Bulletin,  18,  p.  147. 


M  Loc.  dt. 


A  Very  small  size,  only  40  cc. 


454  Bulletin  of  the  Bureau  of  Standards  ivol  ts 

The  decttol}^  used  was  an  ordinary  sample  of  c.  p.  silvtf 
nitrate,  without  further  purification.  This  is  marked  ^'uncon- 
taminated."  It  is  seen  from  the  above  that  this  salt  produced  a 
volmne  effect  of  about  0.40  mg  on  the  average,  although  the  re- 
sults with  the  filter-paper  form  are  erratic,  as  might  be  expected. 
A  portion  of  the  same  salt  contaminated  with  filter  paper  was 
dectrolyzed  in  two  similar  voltameters,  and  the  results  are  given 
in  the  column  headed  ''contaminated."  It  is  seen  that  the  effect 
is  increased  three  times,  on  the  average.  In  the  last  experiment 
we  used  the  smallest  porous-cup  voltameter  that  we  could  arrange 
for  a  4  g  deposit.  The  electn)l3rte  was  only  40  cc.  The  table 
shows  that  it  gave  a  smaller  deposit  than  in  what  we  have  ordina- 
rily called  the  small  size  (90-100  cc).  The  large-size  voltameters 
contained  about  300  cc.  These  volumes,  in  the  case  of  the 
porous-cup  voltameters,  mean  the  volume  of  electrol}^  outside 
the  porous  cup.  We  showed  in  a  previous  place  "  how  effective 
a  barrier  the  pototis  cup  is  between  the  anode  and  cathode. 

It  will  be  noticed  in  the  table  that  the  deposits  from  the  con- 
taminated solutions,  although  differing  between  themselves 
£(ccording  to  size,  are  all  considerably  inexcess  of  even  the  large- 
size  voltameter  containing  the  imcontaminated  electrol3rte.  The 
reason  for  this  will  appear  after  a  brief  accotmt  of  what  we  regard 
as  the  mechanism  of  this  volume  effect. 

If  we  add  some  of  the  filter-paper  extract "  to  a  solution  of  silver 
nitrate  in  water,  or  put  the  filter  paper  directly  in  the  electrol3rte, 
marked  changes  in  the  condition  of  the  solution  take  place.  The 
filter-paper -extract  is  a  basic  organic  colloid  ^*  which  produces  a 
reducing  action  "  on  the  silver  nitrate.  As  the  reduction  proceeds 
important  changes  in  the  acidity  ^"  of  the  solution  take  place  and 
the  reduced  silver  appears  in  colloidal  form."  It  may  become 
visible  as  a  colloidal  solution  in  cases  where  the  filter  papet  con- 
tamination is  considerable.  The  colloidal  particles  travel  slowly 
to  the  cathode  *®  under  the  influence  of  the  electric  current,  and 
they  are  also  helped  along  in  this  direction  by  the  convection  cur- 
rents of  liquid.  The  denser  liquid  from  the  region  of  the  anode 
falls  to  the  bottom  of  the  cup  and  displaces  upward  the  impover- 
ished liquid  at  the  cathode  stuiace.*^  Probably  each  particle  of 
colloidal  silver  drags  along  with  it  some  of  the  organic,  colloid, 

14  This  Bulletin.  9,  pp.  aox,  220,  5x0.  "  This  Bulletin,  9,  p.  347- 

u  This  Bulletin.  9,  p.  337.  "  This  Bulletin,  9,  p.  238. 

M  This  Bulletin,  9,  p.  939.  *  This  Bulletin.  9.  p.  2x9- 

»Thi8BuUetin,9.p.a37.  »  This  Bulletin.  9.  p.  269.    (See  Pic.  ay  of  Part  U.) 
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which  acts  as  a  protective  colloid  **  and  prevents  the  rapid  pre- 
cipitation of  the  silver  by  the  unreduced  electrol}^. 

In  the  contaminated  electn>l)rte  we  have,  therefore,  a  very  large 
number  of  silver  particles  each  of  which  is  an  aggregate  of  a  large 
number  of  silver  atoms.  These  are  gradually  swept  along  toward 
the  cathode,  and  as  each  particle  reaches  the  catiiode  it  deposits 
its  load  of  silver  and  organic  matter '^  and  also  delivers  up  its 
charge,  but  the  amount  of  electricity  so  transported  is  not  com- 
mensurate with  the  mass  of  material  laid  down  on  the  cathode. 
In  this  way  an  excess  weight  of  deposit  over  that  calculated  for  a 
univalent  ion  is  produced,  and  this  may  be  further  increased  by  a 
somewhat  greater  inclusion  ^  of  the  mother  liquor,  which  is  made 
possible  by  the  colloid  breaking  up  the  crystalline  structure  of  the 
deposits. 

The  rate  at  which  this  colloidal  matter  is  swept  out  of  the  solu- 
tion will  depend  upon  the  density  of  the  electric  ciurent.  At  the 
beginning  of  an  experiment  we  may  justly  assume  that  the  number 
of  colloidal  particles  per  cubic  centimeter  of  the  electrolytes  in 
contact  with  the  cathode  is  the  same  in  both  large  and  small 
voltameters.  When  the  electric  current  starts,  the  greater  inten- 
sity of  the  current  in  the  small  voltameter  due  to  the  smaller 
cathode  area  will  sweep  the  colloidal  particles  out  of  the  solution 
at  a  greater  rate  than  in  the  large  size.  Consequently,  the  elec- 
trolyte contiguous  to  the  cathode  in  the  small  voltameter  will 
become  impoverished  as  to  colloidal  matter;  that  is,  it  is  purified. 
The  number  of  colloidal  particles  which  will  subsequently  deposit 
per  second  diminishes  for  lack  of  the  colloidal  matter.  However, 
the  effect  of  ,the  electric  current  and  the  convection  currents  of 
liqtiid,  which  arise  because  of  the  changing  densities  of  the  solu- 
tion at  the  anode  and  cathode  will  replenish,  impart,  the  colloidal 
matter  to  the  depleted  cathode  solution.  In  the  large  voltameter 
the  forces  drawing  the  colloidal  matter  out  of  the  solution  at  the 
cathode  are  less  severe,  as  we  have  mentioned  above,  and  in  addi- 
tion the  convection  currents  of  liquid  are  less  impeded  by  the 
anode  and  its  porous  cup  or  glass  trap,  so  that  the  solution  on  the 
face  of  the  cathode  is  freed  from  colloidal  matter  more  slowly  than 
in  the  small  voltameter.  There  is,  of  course,  a  greater  supply  of 
the  colloidal  particles  in  the  voltameter  having  the  greater  volmne 
of  electroljrte.  It  is  reasonable,  therefore,  to  anticipate  that  more 
colloidal  particles  will  be  deposited  in  a  large  voltameter  than  in  a 
small  one  during  the  two  hours  that  the  current  flows.     Conse- 

»  This  Bulletin.  9,  p.  239.  "  This  Bulletin.  9.  p.  241.  **  This  Bulletin.  IS,  p.  167. 
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quently,  the  deposit  in  the  large  cup  will  be  heavier  than  the 
deposit  in  the  small  cup.     (See  Fig.  3.) 

Probably  there  are  some  colloidal  particles  even  in  our  purest 
solutions.  We  have  never  found  a  solution,  on  examination  by 
the  ultramicroscope,  entirely  devoid  of  colloidal  particles ;  but  in 
a  strongly  contaminated  solution  the  colloidal  particles  are  in- 
creased in  number  thousands  of  times.    It  is  not  surprising,  there- 
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Fig.  j. — Hypolhetkal  cHtBes  ilUatrating  the  theory  of  the  volume  efftcl 

TbaecurraftrebAsedoii  An  AvFTA^  casein  which  the ci«s«(^dei>obC ia  the  larKCVottAmMtTovcthAt 
in  the  mull  voltameter  is  o.Qs  °if ■  It  ii  auumed  tbet  the  avero^  diameter  cf  Che  ajlloidal  putidrt  i% 
o.Dgi  from  which  we  coimpute  that  i  X  lo"  more  partides  are  dqxivted  on  the  larie  cathode  than  en  the 
amaU  cathode.  The  ana  under  each  cum  represents  the  guppoHdnimiberiifpartidHdeixHitedoo  each 
cathode  and  the  cuma  have  been  dawn  Bo  that  there  ate  looo  more  SQuare  divisioni  imder  cuttc  I,  iot 
the  large  voltameter,  thuj  under  curve  Il^forthe  cnall  voltameter.  Each  division,  therefore.  rq)reaeuta 
lo*  partido.  The  rate  at  which  the  particles  depont  is  initiallr  ereater  in  the  small  voltamctef .  because 
the  electric  Intoulty  at  the  cathode  is  ireater.  due  to  the  nnaller  ana.  but  as  the  available  lup^y  ul  partidei 
is  more  limited  than  in  the  lacjer  sla.  the  curve  (alls  off  more  rapidly,  and  at  the  end  of  the  experimeat 
the  total  number  of  particlfs  deposited  in  the  larse  voltameter  is  freaCer  than  in  the  small  one. 

fore,  that  even  in  the  small  voltameter  we  should  find  an  excess  of 
deposit  over  that  in  voltameters  which  contain  piu-e  or  nearly  piu^ 
solution.  The  last  experiment  given  in  the  table  shows  that  the 
very  small  voltameter  gave  a  smaller  deposit  than  our  ordinary 
small  size  with  impinge  electrolyte;  but  even  this  is  in  excess  of 
the  large  voltameter  containing  purer  electrolyte,  which,  however, 
was  not  qiute  pm^e. 


Rose 
Vinal 


]  The  Silver  Voltameter  457 


In  our  earlier  work  ^  we  showed  that  a  contaminated  solution, 
giving  initially  a  strongly  striated  deposit,  became  purer  as  the 
electrolysis  proceeded,  until  in  the  end  the  deposit  was  a  normal 
crystalline  deposit  such  as  we  always  find  from  a  pure  electrolyte. 

We  think  that  the  foregoing  explanation  of  the  voliune  effect 
is  in  accord  with  all  the  experimental  facts  and  that  it  is  a  rea- 
sonable and  logical  explanation.  It  shows  that  using  the  same 
cathodes  and  anodes  and  porous  cups  the  volume  effect  may  be 
made  to  appear  or  disappear  according  as  the  electrolyte  is  con- 
taminated or  not,  and  that  using  the  same  cathode  and  solution 
the  volume  effect  may  be  increased  by  increasing  the  volume  of 
electrolytes  (that  is,  increasing  the  amotmt  of  colloid  present)  as 
is  done  when  the  siphon  voltameters  are  used.  The  theory  of 
Richards  and  Anderegg,'*  assuming  the  effect  to  be  a  matter  of 
greater  inclusions  on  a  greater  cathode  area,  will  explain  neither 
of  the  above  facts.  But  these  facts  have  been  demonstrated 
over  and  over  again  in  our  work.  Our  theory  of  the  volume 
effect  also  shows  that  it  is  not  a  phenomenon  of  the  porous-cup 
voltameter  alone,  as  stated  by  von  Steinwehr,^^  but  is  common 
to  all  forms.  The  diagrams  which  we  have  given  above  show 
that  this  is  the  case. 

One  further  experiment  was,  however,  tried  to  answer  the  ques- 
tion of  whether  tiie  relatively  dilute  solution  at  the  cathode  sur- 
face could  produce  a  false  .weight  of  deposit  by  tmloading  silver 
chloride,  since  it  is  well  known  that  silver  chloride  is  more  solu- 
ble in  strong  silver-nitrate  solutions  than  in  weak  ones.  This 
has  been  clearly  shown  in  a  quantitative  way  recently  by  Lowry.** 
Accordingly,  we  prepared  a  10  per  cent  solution  of  silver  nitrate 
and  saturated  one  portion  of  it  with  silver  chloride,  allowing  the 
finely  suspended  particles  to  settle  out  during  48  hours,  when  the 
clear,  supernatant  liquid  was  decanted  without  filtration  and  elec- 
trolyzed  in  a  large  and  small  voltameter  simultaneously  with  the 
portion  not  containing  the  silver  chloride.  No  differences  due  to 
the  chloride  were  fotmd. 

We  believe  that  a  careful  study  of  the  above  data,  giving  the 
restdts  of  a  large  number  of  experiments,  will  lead  to  the  conclu- 
sion that  the  reality  and  significance  of  the  volume  effect  have 
been  proved  beyond  question,  and  that  it  is  a  valuable  criterion 
of  the  purity  of  the  electrol3rte. 

Washington,  March  28,  191 6. 

•This  BttUetin,  9,  p.  51a.  «  Loc.  dt. 

«  I^c.  dt.-  »  Proc.  R.  S.,  91,  p.  53;  19x4. 
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I.  INTRODUCTION 

In  a  previous  communication  ^  the  results  of  an  investigation  of 
the  constant  of  spectral  radiation  of  a  black  body  were  pre- 
sented. The  spectral  energy  curves  were  obtained  by  means  of  a 
vacuum  bolometer,  a  mirror  spectrometer,  and  a  perfectly  clear 
fluorite  prism. 

In  the  isothermal  spectral  energy  curves  obtained  with  these 
instruments  the  position  Xm  of  the  maximum  emission  E„^,  was ' 
computed  by  taking  the  wave  lengths,  \  and  X,,  corresponding  to 
equal  intensities,  -Exi  =^X2,  on  the  assumption  that  the  observed 
energy  curve  fits  the  Planck  equation.  The  equation  which  is 
used  in  computing  Xm  is 

^^ a  (logX,  -  log  XO\X,    X,XJlog(i  -  g-^/A'^  -  log(i  -  e-/^^^] 

^        a'(X,-X,)loge  a'(X,-X,)log^ 

The  second  term  in  this  equation  is  rather  complicated.  It  re- 
quires an  approximate  value  of  the  spectral  radiation  constant, 
'  C,  which  was  assumed,  for  the  purpose  of  calculating  this  correc- 
tion (for  the  series  of  1909  to  1911),  tobeC  =  i4  500.  A  decrease  of 
100  units  in  C  (say  C  —  14.  400)  decreases  the  mean  value*  of  Xm 
by  0.0012/11,  which  at  that  time  was  considered  negligible. 

1  This  Bulletin,  10,  p.  a;  29x3. 

>  In  the  previous  paper  this  value  was  stated  to  be  o.oosm,  which  is  erroneous. 
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The  second  term  in  the  above  equation,  which  is  usually 
mentioned  as  a  ''correction  factor*'  has  always  been  a  stumbling 
block  in  the  computations.  After  the  completion  of  the  calcu- 
lations of  Xm  it  was  foimd  that  the  computer  had  omitted  a  factor 
from  this  ''second  term"  which  introduced  an  error  of  about  0.5 
per  cent,  giving  a  mean  value  of  C  =  14  280  (0.5  per  cent  too  low). 

Some  doubts  arose  also  as  to  the  accuracy  of  part  of  the  calibra- 
tion curve  of  the  prism,  known  as  the  "  calibration  curve  of  191 2," 
in  view  of  the  general  belief,  held  at  that  time,  that  the  value 
can  not  be  lower  than  C=i4  500.  To  save  work  in  correcting 
this  error  in  the  "second  term,*'  fewer  points  were  taken,  and  the 
values  of  Xj,  at  4  to  5m,  were  increased  by  a  slight  amount  to  cor- 
respond with  the  "calibration  curve  of  19 10.'*  The  data  thus 
obtained  gave  a  mean  value  of  C  =  14  456,  which  is  about  0.2  per 
cent  higher  than  would  have  been  obtained  by  adhering  to  the 
"calibration  curve  of  191 2,"  published  in  the  previous  paper. 

These  data  were  published  in  191 3,  the  intention  being  to  re- 
vise them,  if  the  calibration  curve  of  19 10  should  be  found  wrong. 
In  the  meantime  Paschen'  has  published  further  data  on  the 
dispersion  of  fluorite  which  shows  that  the  part  of  the  calibration 
curve  of  19 10,  used  by  the  writer  in  the  above  computations,  is 
less  reliable  than  the  calibration  ciuve  of  191 2. 

Recently,  on  examining  the  previous  computations,  it  was 
found  that  the  above-mentioned  "second  term"  still  contains  a 
small  error,  giving  a  mean  value  of  Xm,  which  is  0.2  to  0.3  per  cent 
too  high.  As  a  restdt  of  these  errors,  which  happen  to  be  of  the 
same  sign,  the  value  of  C  =  14  456,  previously  published,  is  0.5  to 
0.6  per  cent  too  large,  owing  to  faults  in  the  calibration  curve  and 
to  a  small  error  in  the  reduction  of  the  data. 

The  computations  have  therefore  been  made  anew,  using  the 
values  of  \  and  X,  which  had  been  read  from  the  spectral  energy 
etudes  obtained  with  the  prism  calibration  curve  of  19 12.  The 
recomputation  of  the^e  data  turned  out  to  be  a  simple  matter,  in 
view  of  the  fact  that  it  merely  required  dividing  the  above- 
mentioned  "second  term"  factors  by  2.3  and  subtracting  0.0038/* 
from  the  mean  value  of  Xm.  The  subtraction  of  0.0038/i  is 
necessary  because  C  =  14  600  instead  of  C  =  14  300  had  been 
us^d  in  computing  the  second-term  factors  of  the  "data  of  1912." 

»  Paschen.,  Ann.  der  Phys.,  41,  p.  670;  1913. 
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The  difficulty  encountered  in  this  investigation  was  an  over- 
abundance of  spectral  energy  curves,  the  viewing  of  which  caused 
such  fatigue  to  the  eyes  that,  after  having  drawn  the  ciuves  and 
indicated  the  best  positions  for  obtaining  X^  and  X,,  it  was  neces- 
sary to  assign  to  another  the  task  of  reading  ofif  the  niunerical 
values  of  \  and  X,  from  the  curves  and  computing  the  results. 
After  a  lapse  of  more  than  three  years  the  writer  finds  no  correc- 
tions to  the  values  of  Xi  and  X,  as  then  read  from  the  energy  ciuves 
by  his  assistant,  showing  that  the  work  had  been  faithfully  done. 
As  for  the  errors  in  the  computations,  owing  to  eye  fatigue,  it  was 
impossible  for  months  thereafter  to  give  attention  to  the  reduc- 
tion of  the  data.  Furthermore,  at  that  time  a  correction  of  0.3 
to  0.5  per  cent  was  considered  of  minor  importance  in  view  of  the 
great  diffictdties  involved  in  the  work.  It  is  of  interest  to  note 
that  the  discrepancies  in  the  previous  paper  are  due  to  faults 
in  reduction  of  the  data  and  not  in  the  experimental  work.  The 
present  disagreement  between  theory  and  experiment  is  very- 
small,  and  may  be  further  reduced  when  we  know  more  about 
the  optical  constants  of  the  prism  used  in  producing  the  spectrum. 

n.  RECOMPUTATION  OP  DATA 

As  already  mentioned,  the  recomputation  of  the  data  consisted 
simply  in  eliminating  the  errors  in  the  ''second-term  correction" 
which  is  used  in  obtaining  Xm.  The  total  munber  of  points  on  the 
energy  curve  was  usually  greatly  increased .  In  this  manner  a  mean 
value  of  Xm  was  obtained  which  is  niore  representative  of  the 
whole  energy  curve.  The  values  of  X,  were  taken  in  the  regions 
where  there  is  no  atmospheric  absorption,  viz,  2.3  to  2.5/1,  3.3  to 
4.IM,  4.4  to  4.6/i,  and  4.8  to  s.6fi.  In  the  previous  paper  the  value 
of  C  was  based  upon  data  obtained  in  1911  and  the ''series  of  1912.*' 
The  "series  of  191 1 "  contained  many  curves  taken  at  extreme 
temperatures.  For  the  low  temperatures  the  curves  were  greatly 
affected  by  atmospheric  absorption,  and  at  high  temperatures  the 
scale  of  temperatures  was  questioned.  Correcting  these  data  a 
mean  value  of  C  =  i4  390  was  obtained  for  the  "series  of  191 1.*' 
However,  considering  the  quality  of  the  spectral  energy  curves,  it 
does  not  seem  fair  to  give  them  any  weight  in  deducing  a  new  mean 
value,  although  it  would  increase  the  corrected  mean  value  but 
little. 
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As  mentioned  in  the  previous  paper  the  "  series  of  191 2  "  obser- 
vations are  considered  the  most  accurate  (i)'as  regards  adjust- 
ments of  apparatus,  (2)  temperature  scale,  (3)  bolometric  control, 
(4)  elimination  of  atmospheric  water  vapor,  and  (5)  as  regards  the 
general  appearance  of  the  spectral  energy  curves.  These  data 
were,  therefore  carefully  recomputed  and  tabulated:  In  making 
up  the  tables  the  column  of  probable  errors  is  omitted  in  view  of  the 
writer's  feeling  that  such  data  are  illusory. 

In  the  present  paper  the  old  numbers  of  the  tables  are  carried 
in  a  footnote  at  the  end  of  each  table  to  facilitate  comparison  with 
the  data  in  the  previous  paper  to  which  reference  must  be  made  for 
details.  Series  8,  Table  6,  is  poor  owing  to  various  dif&ctdties  that 
were  experienced — ^that  is,  tremors,  bolometric  troubles,  etc. — so 
that  only  the  most  reliable  curves  were  considered  in  the  present 
computations. 

TABIS  la 

Series  1912, 1.— White  Radiating  Walls,  Fluorite  Prism  Rb.  1,  Water-Cooled  Shutter 

No.  2. 

[Bmrsy  curvet  LZXXVI>ZCn] 


No. 


xcnib. 

LZZS 
ZCI». 


LXZZIXe. 
XCh 


Fonnof 

energy 

curve 


? 

P 

P 
PW 

P 

P 
PW 


AtMOIote 

tem- 
pemture 


1U2 
1309 
1223 
1242 
1350 
1419 
1427 


Weve  length  of  maximum 
emiukm  (Xmox) 


Mean  value 


Old 


2.605 
2.408 
2.374 
2.345 
2.154 
2.056 
2.045 


New 


M 
2.601 

2.401 

2.356 

2.332 

2.139 

2.034 

2.031 


Number  of 


out 


3 

6 
4 
5 
6 
7 
5 


New 


3 
6 
7 
9 
7 
7 
3 


Xm«T 


Old 


2922 
2910 
2904 
2912 
2906 
2916 
2918 


^13 


New 


2897 
2903 
2881 

2896 


2886 
2898 


2892 


Old 


14  508 
14  451 
14  418 
14  459 
14  438 
14  480 
14  486 


14  463 


New 


14  384 
14  414 
14  304 
14  379 
14  339 
14  329 
14  389 


14  362 


A  Table  xa  of  previous  paper.  ^  Pomace  heated  by  outer  coil  only.  <  Poor  curve. 
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TABIB2a 

Series  1912,  IL— Black  (CtaOs)  Radiating  Walls,  Fluorite  Prism  Ho.  1,  Water-Cooled 

Shutter  No.  2 


[Energy  cuxves,  XCm-CVI] 

Vonn  of 
enetfy 

AtNMlnte 

torn- 
peiatisi* 

Wave  lencth  ef  nunimuin 
enHitan  (kmax) 

XiMsT 

C— aXnoxT 

Vo. 

Mean  value 

Number  of 
comyatations 

Old 

New 

Old 

New 

' 

Old 

New 

OM 

New 

ff 

cvx* 

P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
fW 
P 

• 
1025 
1153 
1223 
1301 
1338 
1351 
1377 
1401 
1420 
1453 
1479 
1501 
1525 
1687 

2.824 
2.507 
2.375 
2.226 
2.183 
2.145 
2.104 
2.080 
2.050 
2.003 
1.973 
1.944 
1.906 
L726 

M 

2.817 
2.496 
2.343 
2.209 
2.151 
2.127 
2.092 
2.059 
2.026 
1.992 
1.947 
1.918 
1.893 
1.717 

K  ■ 

5 
6 

8 
5 

2895 
2891 
2904 
2896 
2921 
2898 
2897 
2914 
2909 
2910 
2918 
2917 
2910 
2912 

2887 
2878 
2866 
2874 
2878 
2874 
2881 
2885 
2877 
2894 
2879 
2879 
2877 
2896 

14  372 
14  356 
14  419 
14  379 
14  503 
14  388 
14  385 
14  470 
14  442 
14  450 
14  491 
14  485 
14  447 
14  457 

14  334 

xcrs 

14  289 

xcvmfr 

xcvn 

14  230 
14  270 

cv 

14  289 

xcv* 

14  270 

xcvi 

14  304 

CIV 

14  324 

xciv 

14  285 

en 

14  368 

cm 

14  295 

xcm 

.14  295 

CI 

14  334 

c 

14  378 

j 

MMm.....( 

2907 

2881 

14  432 

14  303 

A  Table  zj  of  previotu  paper. 


^  Poor  curves. 


TABIB  3a 

Series  1912,  HL— Hew  Radiator,  White  Walls,  Fluorite  Prism  No.  1,  Water-Cooled 

Shutter  Ho.  2 


[Bnergy  corvee,  CVH-CXm] 

Tom  of 

energy 

ouve 

Abflohxie 

tern- 
peratiue 

Wave  length  of  nuDrimnm 
emlaaion  (Xmo*) 

X>»asT 

• 

C-aXmoxT 

No. 

Meanvalne 

Number  ej 
oomputatiooa 

Old 

New 

Old 

New 

Old 

New 

Old 

New 

CXIII  * .    . 

? 
PW 

P 
P? 

P 
P 
P 

• 
1151? 
1223 
1276 
1352 
1379 
1453 
1527 

2.S40 
2.383 
2.275 
2.155 
2.109 
2.003 
1.913 

2.373 

2.264* 

2.142 

2.101 

1.996 

1.886 

3 

•    6 

• 

2921 
2914 
2903 
2914 
2911 
2910 
2921 

2902 
2889 
2896 
2897 
2900 
2880 

14  504 
14  469 
14  412 
14  466 
14  451 
14  450 
14  506 

cx 

14  408 

cxn.... 

14  344 

CIX 

14  379 

CXI 

14  384 

cvm 

14  398 

cvn 

14  299 

Mean 

2913 

2894 

14  466 

14  368 

• 

■ 

a  Table  14  of  previous  paper. 


*  Poor  curve. 
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TABLE  4a 

Series  1912,  IV.— New  Radiator,  Black  (Ctfi^+ZCofiz)  Walls,  Fluorite  Prism  No.  1, 

Water-Cooled  Shutter  No.  2 

[Energy  curves,  CXIV-CXXm] 


Forxn  of 

energy 

curve 

Absolute 

tem- 
perature 

Wave  length  of  maifannm 

Xnia«T 

C— aXmo^T 

No. 

Mean  value 

Number  of 
computations 

Old 

New 

Old 

14  405 
14  382 
14  459 
14  414 
14  428 
14  445 
14  486 
14  507 
14  488 
14  580? 

New 

Old 

New 

Old 

New 

CXXUIft 

cxxn 

P? 

P 
P 
P 
PW 
P 
P 
P 
P 
P 

e 

876 
1025 
1077 
1154 
1223 
1276 
1353 
1377 
1454 
1503? 

M 
3.312 

2.826 

2.704 

2.516 

2.376 

2.280 

2.156 

2.122 

2.007 

1.954 

M 
3.280 

2.818 

2.694 

2.507 

2.364 

2.270 

2.139 

2.104 

1.996 

3 
8 
5 
6 
5 
5 
6 
6 
6 
4 

5 
9 
6 
7 
9 
5 
7 
3 
6 

2901 
2897 
2912 
2903 
2906 
2909 
2917 
2922 
2918 
2936 

2873 
2888 
2901 
2893 
2891 
2896 
2894 
2897 
2902 

14  265 
14  339 

CTXT           

14  404 

cxvm 

14  364 

cxx 

14  354 

cxvn    

14  379 

ClfTT            

14  369 

CXVIfc 

14  384 

cxv 

14  408 

CXIV6 

Merni 

2910 

2893 

14  446 

14  363 

a  Table  15  of  previous  paper. 


6  Poor  curves. 


TABLE  5  a 

Series  1912,  V.— Blackened  Radiator,  New  Adjustments,  Fluorite  Prism  No.  1, 

Water-Cooled  Shutter  No.  2 

[Energy  curves,  CXXIV-CXL] 


Form  of 

energy 

curve 

Abaolute 

tem- 
perature 

Wave  length  of  maiimnm 
emlaalon  (Xmox) 

XmaxT 

C-aXsiaxT 

No. 

Mean  value 

Number  of 
cemputattona 

Old 

New 

Old 

New 

■ 

Old' 

New 

Old 

New 

CXXXVb 

cxxxnft 

CXXXIV 

cxm 

? 

P 
PW   • 

P 

P 

P+ 
P+ 
PW 

p 
p+ 

p 

p 

p+ 
p+ 

p 

PW 

p+ 

• 
1026 
1077 
1153 
1194 
1224 
1276 
1302 
1302 
1338 
1352 
1378 
1421? 
1454 
1503 
1627? 
1663 
1796 

M 
2.831 

2.703 

2.520 

2.441 

2.380 

2.284 

2.237 

2.242 

2.182 

2.160 

2.118 

2.068 

2.008 

1.961? 

1.798 

1.756 

1.639 

M 
2.822 

2.692 

2.509 

2.433 

2.368 

2.271 

2.226 

2.231 

2.164 

2.136 

2.096 

1.996 

1.794 
1.730 
1.615 

8 

5 

8 
5 

2 

5 

2905 
2911 
2905 
2914 
2913 
2914 
2913 
2920 
2920 
2921 
2918 
2939 
2920 
2948 
2925 
2921 
2945 

2895 
2899 
2893 
2905 
2898 
2898 
2898 
2904 
2895 
2888 
2888 

2902 

2919 
2887 
2900 

14  423 
14  455 
14  425 
14  469 
14  464 
14  469 
14  461 
14  498 
14  497 
14  501 
14  483 
14  588? 
14  497 
14  629? 
14  524? 
14  500 
14  631? 

14  374 
14  394 
14  364 
14  424 

CXXTX 

14  389 

CXXVI 

14  389 

cxxxm. 

cxxxvn 

CiTTTT 

14  389 
14  419 
14  374 

cxxvm 

cxxv ^... 

CXXXVI 

cxxvn 

rmnv 

14  339 
14  339 

14  408 

CXT.c 

14  493? 

cxxxvmc.... 

CXXXIX»'C.... 

14  285 
li398 

Mean 

2915 

2895 

14  476 

14  376 

o  Table  z6  of  previous  paper.      ^  Poor  curves,      c  Alternating  current  used  for  furnace  heating  coils. 
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TABLB  6a 

Series  1912,  YnL-— Blackened  Redktori  Hew  Thennoooi^ley  Fluorite  Prism  Ho.  1, 

Water-Cooled  Shutter  9o«  2 

[SiMisy  cuxvei,  CXVI-dJLVUJ 


FM3n«f 

enersy 

curve 

AbMlnto 
tern- 

W^sve  Imctli  of  iimliimin 

XwwT 

C-aXiMsT 

Ro. 

MeanTftluo 

NumlMrol 
cuuiyiitenoiifl 

Old 

New 

Old 

New 

Old 

N«w 

Old 

New 

dJX*.... 

? 
WP 

P 
P 
P? 
P 
P 
WP 

p 

p 
p+ 
p+ 

• 
806 

879 
953 
1077 
1223 
1277 
1300 
1314 
1376 
1377 
1452 
1539 

3.610 
8.300 
3.052 
2.708 
2.380 
2.286 
2.248 
2.236 
2.120 
2.140 
2.030 
1.920 

M 

2910 
2901 
2909 

2911 

2911 

2920 

2923 

2938? 

2917 

2947? 

2948? 

2955? 

2888 

2896 
2898 
2896 
2900 

2894 

14  447 
14  402 
14  441 
14  454 
14  453 
14  497 
14  513? 
14  568? 
14  482 
14  634? 
14  639? 
14  671? 

CT-X      - 

3.286 
3.099 
2.691 
2.368 
2.271 

2.103 

2 

2 

3 

14  339 

CLXI« 

14  339 

CLvm 

14  389 

CLvnd 

14  379 

C5LVI.., 

CLXIV« 

CLXVn/,e. 

cirXm ......... 

14  399 

14  369 

CLXVI  V 

CUCQ? 

CI.ZV«,« 

Mean 

2912 

2895 

14  461 

14  375 

>  Table  19  of  prcrious  paper, 
fr  Very  poor  cxinre,  X  max  by 
'  Poor  series*  tremoni. 
<<  Poor  curve. 


«  Radiatioa  lensitivJty  changed. 
/  Furoace  heated  by  outer  ooil  only. 
g  Bolameter  tmstcady ;  low  vacttom. 


TABLB  7<> 


1912,  IX.— Bkckened  Radiator,  Fhiorite  Prism  No.  1»  Watep-Cooled  Shutter 

90.1 


[Bneisy  comet  GLZVm-CXZZVQ 

ftfiiial 
enefgjr 

AlMotale 

tern- 
peratuie 

Waveleogth  of  mwimnin 
emiaalon  (Xmm) 

XmsIT 

C-aXsM^T 

Ne. 

Meeniraliie 

Number  el 

Old 

New 

Old 

New 

Old 

New 

Old 

New 

n.Txrr* 

cr.xnn 

CLXXY 

P? 

P 
P 
P 
P 
P 
P 
P 
P 

• 
1175 
1194 
1277 
1302 
1353 
1377 
1451 
1452 
1S40 

2.465 
2.431 
2.272 

2.153 

2.114 
2.010 
2.007 
1.890 

2.446 
2.416 
2.257 
2.216 
2.137 
2.101 
1.996 
1.986 
1.871 

2896 
2900 
2901 
2906 
2913 
2911 
2916 
2914 
2909 

2874 
2885 

2882 
2885 

2891 
2893 
2896 
2884 
2881 

14  381 
14  401 
14  405 
14  429 
14  462 
14  456 
14  477 
14  467 
14  443 

14  270 
14  324 
14  309 

cr^mnr. 

CLXZVI 

cT-im.  ... 

14  324 

14  355 
14  365 

CiiTX 

14  379 

CLXSXh 

CLxvmfr 

14  819 
14  304 

IfMn 

2909 

2886 

14  436 

14  327 

«  Table  ao  of  previous  paper. 
67154*^— vol  13—16 8 


fr  Poor  carves,  sensitivity  cfaangins. 
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TABLES 
Reproductibility  of  Dtti  Using  Different  Radiators 


Data 


Febnitty6,1912. 
VM»iiai720,1912 
Febfuaiy  17, 1912 
Febnua727,1912 
rabnuoy  14»  1912 
Febnuiy  17, 1912 
Jtfiiiaiy29,1912.. 
Febmuy  18, 1912. 
Febnuiy  24»  1912. 
Febnuuy  19, 1912. 
March  27, 1912... 
March  26, 1912... 
Fahmaiy  23, 1912. 


Nnmhar 


CVI. 


czvm. 


czvn. 


Abaahtta 
paialuia 


1025 
102s 
1154 
1153 
1276 
1276 
1350 
1352 
1352 
1353 
1353 
1377 
1378 


2.817 
2.818 
2.507 
2.509 
2.264 
2.270 
2.139 
2.143 
2.136 
2.139 
2.137 
2.101 
2.096 


XmcT 
—2890 


2887 
2888 

2893 


2896 


2891 
2893 


T 


-3 
-2 
+3 
+3 
-1 
+6 
-2 
+6 
-2 


+1 
+3 
-2 


C-aX 


14  334 
14  339 
14  364 
14  364 
14  344 
14  379 
14  339 
14  379 
14  339 
14  369 
14  3SS 
14  365 
14 


TABLBQo 
Smunaiy  of  Data  Given  in  the  Preceding  Tables 


Banaa 

Nnmhar 

afanaruT 

conaa 

MaantahiaC 

Ranuttka 

OM 

Naw 

1911 

X 

26 

14  469 

14  390 

Unpaliila^  Mastuaidt  parealalii  ladJatag*  (Walar^coolad  rtiullaff 
lla.2.) 

1912 

I 

7 

14  463 

14  362 

Unpalntad  ladklar  aa  uaad  In  1911. 

n 

14 

14  432 

14  303 

m 

6 

14  466 

14  368 

Naw  mpalntad  BCarquaidt  ladlatar. 

IV 

9 

14  446 

14  363 

Radlatarpahitad  wlBia  mlitttia  at  tha  oaldaa  af  oabalt  and  c!hiawihm» 

V 

14 

14  476 

14  376 

Kadiatarxavalntad:  aptkal  path  zaadjnatad. 

vm 

6 

14  461 

14  375 

Naw  lliannoooisplaa;  radiaior  tha  aama  aa  fai  fha  pfacadtag  aariaa. 

n 

9 

14  436 

14  327 

Naw  watar-aoalad  ahnttar,  Na.  1;  tha  laat  af  tha  aspaiataa  ta  tha 
aama  aa  fai  tha  pracadhig  aarlai. 

Naw  maan  ?aliia  C— 14  353  (94  anargy  cnxraa;  1912) 
A- 2891 

£-  2^4^}'*''*'  ^*^^*  '^^  •VPlyinc  ail  oonactftena 

o  Table  ax  of  previoui  paper. 

That  conditions  were  reproducible  is  indicated  (Table  8)  by  the 
closeness  in  the  agreement  of  the  values  of  the  radiation  constant 
for  various  radiators  heated  to  the  same  temperature.  In  only  a 
few  cases  is  the  error  greater  than  i  °,  which  is  as  close  as  the  tem- 
perature scale  was  known  at  that  time.  In  fact,  considering  the 
difficulties  involved  in  making  the  measurements  and  the  appear- 
ance of  the  spectral  energy  curves,  it  is  surprising  to  find  so  close 
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an  agreement  (the  maximum  range  is  only  about  0.5  per  cent)  now 
that  the  computations  have  been  made  and  the  data  assembled  for 
inspection. 

In  Table  9  are  assembled  the  reliable  data  which  form  the  basis 
for  obtaining  a  mean  value  of  the  radiation  constants.  The  mean 
value  of  all  the  data  including  the  **  series  of  191 1 "  is  C  =  14  358. 
However,  as  already  stated,  the  data  of  191 1  are  not  as  reliable  as 
is  desirable,  and  since  there  is  no  way  of  estimating  their  value 
the  writer  prefers  to  consider  only  the  ''series  of  191 2,"  which 
contains  seven  sets  of  observations  (65  energy  curves) ,  which  give 
a  mean  value  of  C  —  14  353  micron  degrees  and  A  =2891  micron 
degrees. 

If  the  corrections  to  the  temperature  scale  (mentioned  in  the 
previous  paper)  are  applied,  the  value  is  C  =  i4  362.  A  fmlher 
correction  ( =«  +  7)  is  necessary  because  the  second  term  in  equa- 
tion I  was  computed  tising  C  =  i4  300  instead  of  C  =  i4  35o. 
Hence,  the  final  corrected  value  is  C  =  i4  369  and  A  =2894 
micron  degrees. 

A  recent  investigation  of  instnunents  and  methods  for  evalu- 
ating radiant  energy  in  absolute  value  *  gave  a  new  determination 
of  the  coeflBcient,  <r,  of  total  radiation  *  of  a  black  body.  The 
numerical  value  as  published  is  a- =  5.72  x  lo*^*  watt,  cm."* 
deg.-*,  which  from  our  present  knowledge  appears  to  be  close  to 
the  true  value.  Hence,  if  theoretical  considerations  are  to  be 
relied  upon,  this  value  of  the  coefficient,  a,  of  total  radiation  indi- 
cates that  the  coefficient  of  spectral  radiation  is  of  the  order  of 
C  — 14.322,  as  compared  with  the  experimentally  determined 
value  C  — 14  369.  This  is  a  difference  of  only  0.3  per  cent.  The 
agreement  is  so  close  that  it  must  be  considered  accidental  in  view 
of  the  great  experimental  difficulties  involved  in  obtaining  the 
data.  These  data  were  obtained  at  different  dates,  on  the  same 
radiator  (operated  under  various  conditions) ,  and  using  the  same 
scale  of  temperatures.  The  small  outstanding  discrepancy  is 
probably  as  much  the  restdt  of  uncertainties  in  the  calibration 
curve  (refractive  indices)  of  the  fluorite  prism  as  it  is  the  result 
of  uncertainties  in  the  temperatme  scale,  and  of  the  inevitable 
experimental  errors. 

*  This  Btilletin,  12,  p.  504;  19x6. 

*  This  Bnlletfai,  1£,  p.  553;  19x6.    The  first  issue  gaVe  a  value  of  0^—5.75,  which  is  inconcct. 
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m.  DISCUSSION  OF  OTHER  DATA 

Paschen's  Data, — ^After  a  lapse  of  about  i8  years  it  is  interesting 
to  turn  back  to  the  pioneering  work  of  Paschen  and  observe  how 
close  he  came  to  the  truth. 

In  his  first  paper  Paschen  •  used  foin*  radiators,  heated  to  loo**, 
191°,  304°,  and  450°,  respectively,  and  4  bolometers.  He  ob- 
tained a  series  of  closely  agreeing  values  which  gave  a  mean  value 
(2894,  2892,  2888,  2890)  of  XmT  =  289i.  Using  the  Planck  reduc- 
tion factor  (4.9651)  instead  of  the  Wien  factor  (5) ,  this  gives  a  value 
of  C  =  14  354.  The  following  year  Paschen  ^  obtained  a  series  of 
spectral  energy  curves  from  radiators  operated  at  high  tempera- 
tures. He  obtained  a  value  of  A  »292i  as  a  result  of  arbitrarily 
changing  his  calibration  cm^e  as  described  in  the  writer's  previous 
paper.  He  changed  also  his  previous  data,  increasing  the  value 
of  A  from  2891  to  2915,  or  about  0.9  per  cent.  From  this  it  would 
appear  that  his  later  value  (A  =2921)  is  0.9  per  cent  higher  than 
it  should  have  been;  that  is,  his  experimental  values  were  close 
to  A  =»2895  and  C  =  i4  374.  In  other  words,  Paschen's  original 
data  fall  within  the  range  of  the  recent  and  more  accurately  deter- 
mined values. 

The  Reichsanstalt  Data. — During  the  past  16  years  the  Phys.- 
Tech.  Reichsanstalt,  at  Berlin,  has  pursued  extensive  investiga- 
tions of  the  laws  of  radiation  and  their  application  to  the  tempera- 
ttwe  scale.  The  first  investigation  by  Ltunmer  and  Pringsheim  ■ 
gave  a  mean  value  of  A  =  2879.  ^^  their  second  paper  they 
obtained  a  much  higher  value,  viz,  A  =■  2940. 

In  1906  Holbom  and  Valentiner '  obtained  a  value  of  C«  14  200 
as  a  result  of  a  series  of  spectrophotometric  meastuements.  This 
is  now  admittedly  in  error,  owing  to  an  erroneous  temperature 
scale  in  which  the  melting  point  of  palladium  was  taken  to  be 
1575°  instead  of  about  1550**.  Recently  Valentiner"  corrected 
this  value,  raising  it  to  C— 14  350. 

During  the  past  seven  years  these  investigations  have  been  pur- 
sued by  Warburg  "  and  his  collaborators.     In  their  first  commu- 

•  Fucfacn.  StUber.  Akad.  Wiji.,  Berlin.  21,  p.  409;  1899. 
7  Pudien,  Ann.  der  Phys.,  4,  p.  977;  1901. 

•  l^unmier  and  Pringshdm,  Vcrh.  Phys.  Get.,  1,  pp.  aj,  9x5;  1899. 

•  Holbom  and  Valentiner,  Am.  der  Phys.  (4),  tt,  p.  z;  1906. 
1*  Valentiner,  Am.  der  Phys.  (4).  M,  p.  489;  Z9za. 

"  (z)  Warburg  and  Leithauaer,  Z.  S.  fflr  Iiutrk.,  80,  p.  1x8,  19x0;  (a)  Warbursand  I«cithaaaer,  Z.  & 
fOr  Instrk.,  81,  p.  X24,  X9xx;  (3)  Warburg,  Hupka,  and  Mflller,  Z.  S.  f &r  Instrk.,  88,  p.  X34, 19x9;  (4)  War 
burg.  Leithauser,  Hupka,  and  MOlkr,  Satzer  Akad,  Wias.  Berlin  I.,  p.  35,  X9X3;  (5)  Watborg,  Uthaoaer, 
Hupka,  and  MQller,  Aim.  de  Phys.  (4}.  40,  p.  609, 1913:  (6)  Hoffmann  and  Meiamer,  Z.  S.  Inatrk.,  88,  p.  157. 
19x3;  (7)  Waiburg,  Hupka,  and  Mfiller,  Z.  S.  Instrk..  84.  p.  J15,  19x4;  (S)  Warburg  and  Miiller,  Z.  S. 
Instrk.,  85,  p.  98, 19x5;  (9)  Warburg  and  Mflller,  Ann.  der  Phys.,  48.  p.  410,  19x5.' 
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nication  "  they  reported  a  value  of  C  =  14  570.  They  questioned 
the  temperature  scale  and  proceeded  to  make  their  investigations 
at  high  temperatures  by  using  the  radiation  laws  to  establish  their 
temperature  scale,  thus  avoiding  the  temperature  scale  as  trans- 
ferred  from  the  gas  thermometer  by  means  of  thermocouples. 
They  retain  only  one  temperature  fixed  point,  viz,  gold  at  1064° 
(later  1063°).  The  higher  temperatures  (1400®)  were  determined 
radiometrically. 

In  their  next  communication  (2)  values  are  reported  which 
varied  from  C  =  14  200  to  14  600.  In  the  following  report  (3)  the 
fluorite  prism  gave  values  ranging  from  C— 14  300  to  14  600  and 
it  was  discarded.  A  quartz  prism  gave  a  value  of  C«i4  360; 
and  in  a  more  complete  paper  (4  and  5)  the  values  of  C«  14  370 
and  A  ■=  2894  are  given.  These  values  have  stood  for  some  years. 
A  subsidiary  investigation  (6)  of  the  relative  brightness  of  a  black 
body  at  the  melting  point  of  palladitun  and  of  gold  gave  a  value 
of  C  — 14  440. 

Recently  further  data  (8  and  9)  were  published,  in  which  a  value 
of  C«  14  250  was  obtained  from  the  temperature  scale  based  on 
the  Stefan-Boltzmann  law  of  total  radiation  and  a  value  of  C» 
14  300  or  14  400  was  obtained  by  using  the  Wien  displacement  law 
to  establish  the  temperature.  The  imcertainty  in  the  value  of  C  « 
14  300  or  14  400  is  owing  to  the  uncertainty  in  their  calibration 
curve  (refractive  indices)  of  the  quartz  prism  which  is  now  being 
investigated.  The  present  status  is  the  adoption  "  of  the  value  of 
C— 14  300,  although  from  the  reliability  of  Paschen's  determina- 
tions of  the  refractive  indices  of  quartz  the  chances  are  that  the 
higher  value  (C  — 14  350  to  C«  14  400)  may  be  found  nearer  the 
correct  value. 

In  passing,  it  is  of  interest  to  note  that  their  recent  determina- 
tions of  the  absorption  coefficients  of  quartz  are  in  close  agreement 
with  those  published  by  the  writer,"  excepting  at  2.21  /*,  where 
they  find  a  narrow  absorption  band.  Any  errors  made  in  elim- 
inating the  effect  of  this  absorption  upon  the  spectral  energy 
curve  will  affect  the  temperature  scale  and  hence  indirectly  the 
value  of  the  spectral  radiation  constant. 

From  this  brief  review  of  the  experimental  data  now  available 
it  appears  that  the  value  of  the  spectral  radiation  constant  lies 
between  C  «=  14  300  and  C  =  14  400. 

u  SiUber.,  44,  p.  aas;  1910. 

^  Warbnrs,  Verh.  Fhys.  Ges.,  18,  p.  i;  Jamuvy.  19x6. 

^*  This  BuUetin,  11,  p.  471;  19x4. 
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TV.  SUMMARY 

The  present  paper  gives  the  result  of  a  recomputation  of  the 
constants  of  spectral  radiation  of  a  black  body,  which  had  been 
published  in  a  previous  paper.-  This  recomputation  was  necessi- 
tated as  the  result  of  the  adoption  of  a  new  and  apparently  more 
reliable  calibration  curve  of  the  fluorite  prism  used  in  the  work, 
and  as  a  result  of  the  discovery  of  a  small,  error  which  was  found 
in  the  previous  computations.  Although  these  errors  are  small 
(and  would  have  been  considered  negligible  four  years  ago)  they 
happen  to  be  of  the  same  sign  and  hence  have  an  appreciable 
effect  upon  the  final  result. 

The  results  of  the  present  computations  give  a  mean  value  of 
.C  =  14  369,  which  is  close  to  the  mean  value  of  all  the  published 
data. 

The  data  of  other  investigators  are  summarized  and  it  is  found 
that  they  lie  close  to  C  -=  14  350. 

From  a  consideration  of  the  data  now  available  it  appears  that 
the  values  of  the  constants  of  spectral  radiation  are  dose  to 

C  ==  14  350  micron  degrees. 
A  «  2890  micron  degrees. 

and  that  the  coefficient  of  total  radiation  is  of  the  order  of 

<r=5.7  X  lo""  watt  cm"»  deg."* 

This  indicates  that  the  constant,  A,  of  the  quantiun  theory  is  of  the 
order  A  « 6.56  to  6.57  X  lo"*^  erg  sec. 

Washington,  March  24,  191 6. 


APPENDIX 

NOTE  ON  METHODS  OF  CiXCULATTOG  THE  SPECTRAL  RADIATION  CON- 

8TANTS 

Because  of  the  difficulties  involved  in  maintaining  a  vacuum 
bolometer  at  a  constant  radiation  sensitivity  or  in  determining  its 
radiation  sensitivity  from  day  to  day  it  has  been  the  custom  to 
observe  isothermal  spectral  energy  curves  and  compute  the  value 
of  Xm  as  an  intermediary  step  in  obtaining  the  value  of  the  con- 
stant C. 

In  the  work  just  described  the  radiation  sensitivity  of  the  vacuum 
bolometer  was  determined  by  using  the  black  body  as  a  standard 
of  radiation.  It  was  therefore  not  possible  to  compare  data  ob- 
tained on  different  days,  although  the  black  body  served  as  a  con- 
venient standard  of  radiation  for  comparison  while  observing  any 
one  isothermal  energy  ctnve. 

The  difficulty  in  obtaining  a  value  of  the  constant  C  by  compu- 
tation from  observations  on  an  isothermal  spectral  energy  curve 
has  alwa3rs  been  due  to  the  uncertainty  as  to  what  formula  should 
be  used.  If  the  Wien  equation  is  used,  then  a -"5;  and  if  the 
Planck  equation  is  used,  then  a « 4.9651. 

In  computing  his  values  of  Xm  Paschen  used  the  Wien  equation, 
although  it  did  not  fit  his  best  data.  This  gave  him  a  high  value 
of  C,  as  mentioned  on  a  previous  page,  where  a  lower  and  more 
probable  value  is  given. 

From  the  very  beginning  of  his  investigations  on  black-body 
radiation  the  writer  f  otmd  that  the  Wien  equation  did  not  fit  his 
spectral  energy  curves.  The  assumption  was  therefore  tenta- 
tively made  that  the  observed  curves  fit  the  Planck  equation ;  and, 
at  the  completion  of  the  investigation,  this  was  found  to  be  true 
for  about  75  per  cent  of  all  the  observed  curves.  This  conclusion 
was  based  upon  the  uniformity  of  the  values  of  Xm  which  resulted 
from  computation  (by  the  method  of  equal  ordinates  J?xi==J?xa) 
of  values  of  \  and  X,  which  were  taken  far  apart,  and  also  close  to- 
gether, on  the  observed  isothermal  spectral  energy  curve. 

The  method  of  equal  ordinates  was  used  because  in  this  manner 
it  was  possible  to  utilize  values  of  X^  and  X,  which  correspond  with 
values  of  Exi  and  J?X2  which  are  closely  the  same  in  magnitude  as 
originally  observed,  and  hence  contain  the  same  errors  of  observa- 
tion;** also  the  slit  widths  are  closely  the  same.  This  method 
does  not  require  the  most  accurate  wave  lengths  and  refractive 
indices  (at  least  not  for  values  of  X,  greater  than  4.5  /i)  and  it  per- 

*  V»  bciomBter^palvaiiumrtfr  (aecorMdhif)  is  ahncyB  unsteady  by  o.i  to  0.3  mm  whether  the  deBec* 

~         '     EMUHoTt' 
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mits  the  selection  of  parts  of  the  spectral  energy  curves  which  are 
free  from  atmospheric  absorption  bands.  This  accotmts  for  the 
miiformity  of  the  values  of  the  constant  C,  given  on  a  preceding 
page,  although  from  the  irregular  appearance  of  the  complete 
curves  this  does  not  seem  possible.  (See  Fig.  i.)  At  a  tempera- 
ture of  1000°  C.  and  at  X,  =  4. 5/1  to  6fx  an  error  of  X  =  0.05^  changes 
Xm  by  0.007M  to  cooS/x.  This  amounts  to  0.7  per  cent  in  the  value 
of  C,  and  is  much  greater  than  would  occur  in  practice. 

The  data  obtained  by  Warburg^*  and  his  collaborators  were 
calculated  by  using  £xi,  Em,  Xi,  and  Xm.  This  may  introduce  com- 
plications because  Em  often  occurs  in  the  region  of  the  spectrum 
where  there  are  atmospheric  absorption  bands,  and  where  the 
slit-width  data  are  difficult  to  determine.  The  method  requires 
a  more  accurate  knowledge  of  the  calibration  of  the  prism  and 
greater  refinements  in  the  observations.  They  found  tiiat,  using 
a  fluorite  prism,  the  value  of  C  computed  by  using  Xj  on  the  short 
wave-length  side  of  Xm  was  different  from  the  v^ue  obtained  by 
taking  X,  on  the  long  wave-length  side  of  Xm.  In  the  second  paper 
they  report  that  when  using  a  quartz  prism  (which  has  about 
three  times  the  dispersion  of  fluorite  and  hence  gives  greater  accu- 
racy in  wave  lengtiis,  spectral  purity,  etc.)  this  difficulty  was  not 
foimd.  Of  course,  this  test  could  not  be  made  in  the  long  wave 
lengths  because  of  the  opacity  of  the  prism.  However,  it  seems 
quite  conclusive  that  the  disagreement  in  the  computations,  when 
using  the  data  obtained  with  a  fluorite  prism,  is  to  be  attributed 
to  experimental  errors  rather  than  to  failure  of  the  Planck  equa-  , 
tion.  The  writer  experienced  this  same  difficulty  when  using  this 
method  of  computation,  and  hence  used  the  method  of  calculat- 
ing the  constants  by  taking  equal  ordinates  on  the  isothermal 
spectral  energy  curve. 

The  method  of  equal  ordinates  necessitates  reducing  the  pris- 
matic spectral  energy  measurements  to  a  normal  spectrum, 
plotting  the  data  upon  coordinate  paper  and  drawing  in  a  smooth 
curve  from  which  the  values  of  \  and  X,  are  read  corresponding 
with  the  equal  ordinates  Exi  and  E^.  Although  it  requires  but 
little  additional  time  to  plot  the  data  after  having  made  the  ob- 
servations, if  one  is  certain  that  the  observations  lie  close  to 
the  curve,  the  obviously  logical  procedure  is  to  compute  the 
spectral  radiation  constants  from  any  two  observed  points,** 
£xi  and  £x».  This,  however,  does  not  shorten  the  observational 
work,  for,  as  in  previous  investigations,  it  will  be  necessary  to 
make  observations  at  three  adjacent  spectrometer  settings  (sepa- 
rated by  the  width  of  the  radiometer  receiver)  in  order  to  deter- 
mine the  spectral  purity  factor  which  is  required  in  order  to 
reduce  the  data  to  a  normal  spectrum.  After  spending  months  in 
obtaining  the  data,  the  question  of  saving  time  in  their  reduction 
is  of  minor  importance.     It  is  desirable  to  draw  the  complete 

'•  Z,  S.  far  Iiistr.,  80»  p,  xi8,  xpio;  W,  P.  ta4.  X9"-  .^ .   ^  .,    . 

n  D^inger,  Proc.  Axner.  Fnys.  Soc.«  Washington  meeting,  Apr.  ai-ta,  19x6;  this  Bulletin,  19x6. 
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curve  and  preserve  it  for  future  reference.  If  the  observations  do 
not  lie  close  to  the  smooth  curve  then  this  method  is  slightly 
arbitrary  as  to  the  manner  of  combining  the  observations  so  as 
to  obtain  an  integration  of  the  whole  curve  without  making  more 
computations  than  would  be  used  in  the  "method  of  equal  ordi- 
nates." 

The  appropriate  formula  for  computing  the  radiation  con- 
stants from  any  two  points  on  an  isothermal  spectral  energy 
cinve  is  easily  deduced  from  Planck's  equation,  and  in  its  com- 
plete form,  as  shown  by  Dr.  Dellinger,  is: 


{\ 


^^d:'-fe-'-^'-(^^o]-« 


The  term  **  log  (i  —  e""^^  "  may  be  expanded  into  a  series  and 
usually  all  the  factors  can  be  neglected,  except  one  which  is  log 
cer^*^.  It  is  therefore  necessary  to  know  the  approximate 
value  of  C,  as  was  required  in  the  writer's  "  method  of  computa- 
tion. 

Dr.  Dellinger  has  made  computations  on  data  observed  by  the 
writer,  using  values  of  i?xi  and  E^,  which  are  on  opposite  sides 
of  Emy  and  which  are  closely  the  same  in  magnitude.  He  obtained 
values  of  Xm,  which  are  in  very  close  agreement  with  the  data 
obtained  by  the  writer,  who  used  the  method  of  equal  ordinates, 
E\i  =Ex2'  However,  when  the  computations  were  made  for  two 
points  which  are  on  the  same  side  of  the  maximum  and  which  do 
not  lie  close  to  the  smooth  curve  drawn  through  all  the  observa- 
tions, some  of  the  values  of  Xm  are  discordant,  as  observed  by 
Warbiu-g.  This  disagreement,  however,  was  not  S3rstematic  as 
observed  by  Warbiu-g  and  it  was  not  greater  than  the  experimental 
errors  (2  per  cent)  that  may  easily  be  present  in  the  work.  This 
may  seem  a  little  disconcerting  to  those  not  familiar  with  the  diffi- 
culties in  obtaining  the  observations.  It  is  therefore  relevant  to  say 
that  because  of  the  small  dispersion,  the  large  errors  of  observa- 
tion, the  tmcertainties  in  the  dispersion  and  in  the  slit-width 
factors,  the  possible  presence  of  scattered  radiation  (which  appears 
at  4.5M  to  5/i  in  the  spectrum  produced  by  a  prism  containing 
munerous  cleavage  surfaces),  variations  in  temperature  of  the 
radiator,  etc.,  the  writer  is  of  the  opinion  that  the  use  of  equal 
ordinates  (JExi  ^^-E^xa) ,  or  the  use  of  the  general  solution  of  Planck's 
equation  in  which  E^i  and  Ext  are  closely  the  same  and  on  opposite 
sides  of  Em,  is  the  most  satisfactory  method  of  calculating  the 
spectral  radiation  constants  from  isothermal  spectral  energy  curves 
obtained  with  a  fluorite  prism.  The  general  solution  is  probably 
a  more  sensitive  test  of  the  validity  of  Planck's  equation,  but  it 
requires  more  accurate  experimental  data  than  the  writer  could 
obtain  foiir  years  ago. 

M  This  BuDetin,  10,  p.  7  (eq.  6);  19x3. 
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In  Fig.  I  is  shown  the  observed  spectral  energy  curve  (in  dotted 
lines;  Series  LXXXVI,  191 2;  see  Table  i)  of  a  black  body  at  a 
temperature  of  1077**  C.  The  normal  curve  is  shown  by  the  con- 
tinuous line.  The  arrows  indicate  points  at  which  values  of  X^ 
and  X3  were  taken  in  order  to  compute  \m  by  the  method  of  equal 
ordinates. 

This  curve  is  typicaX  of  what  was  obtained  when  operating  the 
radiator  at  800^  to  1000^  C.  From  1.791  to  3.5^1  ihe  curve  is 
irregular  and  often  deeply  indented,  owing  to  atmospheric  absorp- 
tion bands  of  water  vapor  and  carbon  dioxide.  Part  of  the  inden- 
tation at  1 .7fi  might  be  caused  by  errors  in  the  slit-width  factors 
used  fol:  reducing  the  data  to  a  normal  spectrtun  and  by  absorp- 
tion in  the  prism  which,  although  quite  free  from  color,  belonged 
to  the  green  variety  of  fluorite.  An  examination  "  of  samples  of 
lightly  colored  green  fluorites  showed  small  absorption  bands  at 
1.6  to  3.5/i.  Hence  no  attempt  was  made  to  obtain  high  accu- 
racy in  the  observations  extending  from  2/i  to  3^1,  for  it  was  not 
intended  to  use  the  data  in  the  computations. 

The  absorption  bands  of  atmospheric  water  vapor  at  5.6/i  to 
6.2M  were  also  investigated.^  At  6.25^1  there  is  a  narrow  region 
of  minimum  absorption,  amounting  to  10  to  12  per  cent,  followed 
by  absorption  bands  at  6.3  to  6.7/i. 

In  Fig.  I  the  circles  represent  the  computed  emission,  using 
Planck's  equation  and  C  — 14  350.  In  the  region  of  the  spectrum 
from  i/i  to  I. 6m  and  from  3.6/i  to  5.5/i  there  is  a  complete  agree- 
ment between  the  observ^  and  the  computed  curve.  Several 
observed  points  deviate  from  the  smooth  curve  by  i  to  2  per  cent, 
which  is  better  than  one  can  expect,  considering  the  fact  that  a 
correction  had  to  be  applied  for  a  change  in  the  radiation  sensi- 
tivity of  the  bolometer. 

An  inspection  of  Fig.  i  and  Eq.  2,  shows  that  inconsistent 
values  of  C  must  result  from  combining  data  which  are  above  and 
below  the  smooth  ciu^e  and  on  the  same  side  of  Xm.  The  com- 
putation by  the  method  of  equal  ordinates  suppresses  these  errors 
of  observation  by  estimating  the  value  of  JExi  =  E\i  and  by  placing 
more  of  the  bturden  of  proof  upon  determinations  of  X^  and  X,. 

In  obtaining  the  experimental  data  the  usual  procedure  was  to 
begin  observations  by  making  a  few  readings  at  a  few  points  pre- 
ceding the  wave  length  (ifiin  this  series)  at  which  computations 
were  to  be  made.  This  was  done  for  the  purpose  of  "  warming  up 
the  apparatus"  and  for  obtaining  the  "purity  factor"  to  reduce 
the  data  to  a  normal  spectrum.  Only  three  readings  were  made 
at  0.92^1,  and  the  temperatine  of  the  radiator  had  not  yet  become 
steady.  Hence,  the  writer  does  not  consider  the  small  difference 
between  the  observed  and  the  computed  value  at  0.92/i  to  be  due 
to  a  real  disagreement  between  theory  and  experiment.  The 
same  is  true  for  the  region  of  the  spectrum  beyond  6/*.    Correcting 

■    i>  This  Bulletin,  9,  p.  iz6.  Pig.  za. 
M  This  Bulletin,  1,  p.  ^5*  Pi<-  3* 
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for  atmospheric  absorption  at  6.24^  produces  exact  coincidence 
between  the  observed  and  the  computed  values.  When  one  con- 
siders that  an  accuracy  higher  than  1  per  cent  was  difficidt  to 
attain,  and  that  momentary  distm'bances  might  introduce  a  range 
of  2  to  5  per  cent  in  the  galvanometer  readings  which  were  less 
than  2  cm  deflection,  it  is  safe  to  say  that  the  Planck  equation 
fits  the  experimental  data  to  6.3^. 


In  Fig.  2  is  shown  the  spectral  energy  distribution  at  1323°  C. 
It  is  typical  of  the  curves  obtained  at  high  temperatures.  This 
illustration  gives  two  series  of  measurements  obtained  at  different 
dates.  The  theoretical  curve  for  7-1596°  K  and  C— 14350 
coincides  remarkably  well  with  the  observations,  considering  the 
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possibility  of  stray  light,  especially  at  5^  where  the  observatioiis 
are  high.  The  low  values  at  0.7/1  to  im,  in  Figs,  i  and  2,  may  be 
due  to  improper  correction  of  the  absorption  by  the  silver  mirrors. 
The  slight  shearing  of  the  observed  and  the  computed  curves  may 
be  due  to  incorrect  temperatures.  At  any  rate  it  is  hardly  suffi- 
cient to  be  considered  a  real  departure  from  the  Planck  equation ; 
although  as  mentioned  in  the  previous  paper  there  are  some  indi- 
cations that  the  Planck  equation  may  not  fit  the  observations 
beyond  jfx. 

As  mentioned  in  the  previous  paper,  these  data  are  the  first 
indication  that  Planck's  equation  fits  the  experimental  observa- 
tions in  this  region  of  the  spectnun.  The  few  discordant  experi- 
mental data  obtained  with  optical  p3rrometers  are  hardly  convinc- 
ing proof  that  this  equation  does  not  apply  also  to  measurements 
made  in  the  visible  spectrum.  To  make  the  test  more  conclusive, 
an  outfit  is  being  constructed  for  operating  the  radiator,  and 
spectroradiometric  apparatus  in  a  vacuum,  in  order  to  eliminate 
atmospheric  absorption.  Because  of  the  numerous  subsidiary 
investigations  which  must  be  made  preliminary  to  this  investiga- 
tion, some  time  must  necessarily  elapse  before  data  can  be 
obtained  using  all  the  apparatus  in  a  vacutun. 
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L  mTRODUCtlON 

The  investigation  of  the  silver  voltameter  at  this  Bureau  was 
first  begun  by  the  late  Dr.  K.  E.  Guthe  in  1904.  His  results 
were  published  in  two  papers^  about  a  year  later.  The  work 
was  taken  up  again  at  the  Bureau  in  1907,  when  Dr.  N.  E.  Dorsey, 
in  cooperation  with  the  present  authors,  began  what  wisis  intended 
to  be  a  short  series  of  determinations  to  accompany  the  absolute 
measurements  of  current  with  the  Rayleigh  balance,  which  was 
then  tmder  construction.  The  results  obtained  at  this  time  did 
not  altogether  confirm  the  experiments  of  the  National  Ph3rsical 
Laboratory  which  were  then  newly  pubUshed,  and  new  di£Scul- 
ties  arose  which  were  not  understood.  These  experiments  were 
not  published. 

In  the  following  year  the  work  was  resumed  and  preparations 
for  a  very  thorough  study  of  the  silver  voltameter  were  made. 

The  voltameter  received  added  importance  when  the  ampere 

« 
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was  adopted  by  the  London  Electrical  Congress  as  the  second 
fundamental  electrical  unit,  so  that  the  investigations  which  the 
present  authors  began  in  the  summer  of  1908  have  passed  beyond 
the  original  plans  in  scope  and  duration.  This  has  also  been  due 
in  large  measure  to  the  niunerous  and  intricate  sources  of  error 
which  were  discovered  in  the  course  of  the  work,  all  of  which 
required  painstaking  investigation. 

Several  photographs  of  the  laboratories  devoted  to  the  voltam- 
eter work  are  of  interest  as  a  matter  of  record.  Fig.  i  shows 
part  of  the  voltameter  laboratory  during  the  time  that  the  work 
of  Parts  I  to  IV  and  the  comparison  of  the  silver,  and  iodine  vol- 
tameters was  in  progress.  The  apparatus  for  controlling  the 
current  and  measuring  the  time  are  clearly  shown,  as  well  as  the 
voltameters  themselves.  Another  view  of  this  same  room  which, 
however,  does  not  show  much  of  the  apparatus  was  published  in 
the  paper  on  the  comparison  of  the  silver  and  iodine  voltameters 
(vol.  10,  p.  427).  Figs.  2  and  3  show  the  new  voltameter  labora- 
tory (except  the  chemical  laboratory).  This  was  equipped  with 
the  same  apparatus  brought  from  the  old  laboratory  when  the 
electrical  division  of  the  Bureau  moved  into  its  new  building. 
Fig.  3  shows  the  entrance  to  the  constant  temperature  balance 
room.  The  balances  were  read  by  the  telescopes  and  scales  which 
are  seen  at  the  windows  on  either  side  of  the  door.  In  this  new 
laboratory  the  experiments  on  inclusions  in  the  silver  deposits 
were  made,  and  also  some  experiments  for  the  paper  on  the  vol- 
ume effect.  In  addition  to  this  suite  of  rooms,  a  small  chemical 
laboratory  completely  equipped  was  reserved  for  the  preparation 
and  testing  of  the  silver  nitrate. 

Other  experimenters  have  cooperated  with  the  present  authors 
during  the  last  seven  and  one-half  years,  and  their  names  appear 
on  the  various  publications  in  which  they  were  particularly  con- 
cerned. First  of  these  was  Dr.  A.  S.  McDaniel,  who  joined  us  in 
July,  1909,  to  study  the  effects  of  filter  paper  on  silver-nitrate  solu- 
tions and  to  devise  means  for  the  purification  and  testing  of  silver- 
nitrate  solutions.  He  also  investigated  a  number  of  other  chem- 
ical questions  which  arose  during  the  time  he  was  a  member  of 
the  Bureau  staff.  Dr.  McDaniel  resigned  from  the  Bureau  in 
March,  1913.  A  few  months  later  Dr.  S.  J.  Bates,  who  was 
research  associate  in  chemistry  at  the  University  of  Illinois,  came 
to  the  Bureau  to  conduct  experiments  on  the  iodine  voltameter 
operated  in  series  with  the  silver  voltameter.  The  result  of  this 
work  was  to  establish  with  greater  precision  than  before  the  value 
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96  5cx>  coulombs  as  the  value  of  the  Faraday.  For  five  months 
in  the  early  part  of  19 14  we  cooperated  with  Prof.  G.  A.  Hulett, 
professor  of  physical  chemistry  in  Princeton  University,  in  mak- 
ing joint  comparisons  of  methods  and  materials  for  the  silver  vol- 
tameter, during  which  a  previously  neglected  source  of  error  in 
washing  the  deposits  was  discovered.  I^astly ,  William  M.  Bovaxd, 
assistant  in  chemistry  in  Princeton,  has  collaborated  at  the  Btu-eau 
in  a  determination  of  the  foreign  material  included  in  the  silver 
deposits. 

It  seems  desirable  at  the  present  time  to  stunmarize  the  inves- 
tigations that  have  been  in  progress  at  the  Btu-eau  since  1908  in 
order  that  the  results  of  these  experiments  may  be  put  forward 
with  our  proposed  specifications  for  the  silver  voltameter  as  a 
measurer  of  electric  current.  Accordingly,  in  the  present  paper 
we  present  a  r^sum^  of  the  preceding  papers  which  are  listed  below, 
and  a  specification  for  work  of  the  highest  precision  with  the  silver 
voltameter  which  embodies  the  results  of  these  investigations. 

The  present  investigations  of  the  voltameters  have  been  pub- 
lished in  the  following  papers: 

The  Silver  Voltameter: 

Part  I,  First  Series  of  QuantitatiYe  Experiments,  by  E.  B.  Rosa  and  G.  W.  Vinal. 
This  Bulletin,  9,  p.  151  (Reprint  No.  194). 
Extended  abstracts  in  J.  Wash.  Acad.  Sci.,  2,  p.  451,  1912;  Elec.  World,  60, 
p.  1261,  Z912;  Elektrotech.  Zs.,  84,  p.  232,  1913. 
Part  II,  Qiemistry  of  the  Filter-Paper  Voltameter  and  the  Explanation  of  Stria- 
tions,  by  E.  B.  Rosa,  G.  W.  Vinal,  and  A.  S.  McDaniel.    This  Bulletin,  9, 
p.  209  (Reprint  No.  195). 
Extended  abstracts  in  J.  Wash.  Acad.  Sci.,  2,  p.  509,  1912;  Elec.  World,  60, 
p.  Z262,  1912;  Elektrotech.  Zs.,  84,  p.  233,  1913. 
Part  III,  Second  Series  of  Quantitative  Experiments  and  the  Preparation  and 
Testing  of  Silver  Nitrate,  by  E.  B.  Rosa,  G.  W.  Vinal,  and  A.  S.  McDaniel. 
This  Bulletin,  9,  p.  493  (Reprint  No.  201). 
Extended  abstracts  in  J.  Wash.  Acad.  Sci.,  8,  p.  40,  19x3;  Hec.  World,  61, 
p.  84,  1913;  Elektrotech.  Zs.,  84,  p.  1168,  1913. 
Part  IV,  Third  Series  of  Quantitative  Experiments  and  Special  Investigations,  by 
E.  B.  Ro6a,  G.  W.  Vinal,  and  A.  S.  McDaniel.    This  Bulletin,  10,  p.  475 
(Reprint  No.  220). 
Extended  abstracts  in  J.  Wash.  Acad.  Sci.,  4,  p.  52,  1914;  ]^ec.  World,  68, 
p.  373,  Z914;  Elektrotech.  Zs.,  85,  p.  789,  1914. 
Comparison  of  the  Silver  and  Iodine  Voltameters  and  the  Determinatioa  of  the  Value 
of  the  Faraday,  by  G.  W.  Vinal  and  S.  J.  Bates.    This  Bulletin,  10,  p.  425 
(Reprint  No.  218);  J.  Am.  Giem.  Soc.,  86,  p.  916,  19x4. 
Extended  abstract  in  J.  Wash.  Acad.  Sci.,  4,  p.  69,  1914. 
Studies  on  the  Silver  Voltameter,  by  G.  A.  Hulett  and  G.  W.  Vinal.    This  Bulletin, 
11,  p.  553  (Reprint  No.  240);  J.  Phys.  Qiem.,  19,  p.  173,  1915. 
Extended  abstract  in  J.  Wash.  Acad.  Sci.,  4,  p.  593,  19x4. 
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Indusioiis  in  the  Silver  Voltameter  Deposits,  by  G.  W.  Vinal  and  W.  M.  Bovard. 

This  Bulletin,  18,  p.  147  (Reprint  No.  271);  J.  Am.  Chem.  Soc.,  88,  p.  496, 1916. 
Hie  Volume  Effect  in  the  Silver  Voltameter,  by  E.  B.  Rosa  and  G.  W.  Vinal.    This 

Bulletin,  18,  p.  447  (Reprint  No.  383). 

n.  LITERATURE  OF  THE  VOLTAMETER   . 

In  our  first  paper  we  gave  a  brief  review  of  about  60  of  the 
principal  papers  dealing  with  the  silver  voltameter,  and  in  our 
later  publications  we  have  discussed  some  papers  that  have 
appeared  since.  There  are,  however,  a  considerable  number  of 
papers  that  have  not  been  mentioned.  A  few  of  these  are  referred 
to  below,  but  in  an  appendix  a  list  is  given  of  references  dealing 
with  the  voltameter,  which  includes  the  papers  previously  dis- 
cussed and  a  considerable  number  of  other  references.  This  Ust 
is  possibly  not  complete,  but  it  is  believed  that  it  includes  prac- 
tically all  papers  which  report  the  results  of  investigations  on  the 
silver  voltameter  as  an  instrument  of  precision.  It  also  includes 
many  papers  in  which  the  voltameter  was  used  simply  to  measure 
the  quantity  of  electricity'  passing  through  the  circuit  and  some 
references  dealing  with  the  various  forms  in  which  silver  is  depos- 
ited by  the  electric  cturent,  etc. 

A  very  old  paper  which  has  recently  come  to  our  attention  is 
interesting  enough  to  call  for  brief  notice  here.  It  is  by  William 
Sturgeon,*  who  was  sometimes  inclined  to  be  a  severe  critic  of 
Faraday  and  his  experiments.  In  view  of  the  present  universal 
acceptance  of  Faraday's  laws  of  electrolysis  and  the  use  of  the 
voltameter  principle  for  a  primary  electrical  standard  it  is  some- 
what amusing  to  read  Sttu-geon's  views  of  Faraday's  voltameter, 
as  follows: 

The  instrument  certainly  measures  the  gases  liberated  by  the  electric  current, 
especially  the  hydrogen  when  collected  separately,  and  in  that  capacity  becomes  an 
electfogasometer;  but  it  has  no  pretenskms  whatever  to  the  dignified  rank  of  a  measure 
of  either  the  absolute  or  relative  quantities  of  the  electric  matter  transmitted.  The 
idea  of  its  indicating  the  extent  of  action  in  the  voltaic  battery  would  be  perfectly 
absurd. 

In  191 1  Prof.  EgoroflF*  published  a  preliminary  account  of  the 
work  which  was  being  done  on  the  electrical  imits  at  the  Russian 
laboratory.  This  included  experiments  on  the  silver  voltameter 
of  the  form  designed  by  F.  E.  Smith,  but  no  quantitative  experi- 
ments are  recorded  since  the  work  was  interrupted  by  the  death 
of  M.  Lebedev.    These  experiments  have  now  been  continued  by 

*  Sturgeon's  Annals  of  Blectr.,  1,  p.  369: 1836. 

*  Report  of  Bu.  of  Wts.  and  Meas.,  Petrosrad,  p.  laa;  19x1. 
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Mile.  Perriiiger/  She  has  determined  the  voltage  of  some  of  the 
Weston  cells  prepared  for  the  Rtissian  Btireau  of  Weights  and 
Measm-es.  Pour  determinations  with  the  voltameter  of  cell  B 
average  very  nearly  i. 01 830. 

Boltzmann^  published  in  191 2  an  account  of  his  careful  re- 
searches on  the  voltameter.  He  made  tests  for  inclusions  in 
his  deposits  by  the  method  of  heating  the  cups  and  deposits  to 
a  high  temperattu-e.  Without  mentioning  the  formation  of 
platinum  black  in  this  process,  the  precautions  which  he  took  in 
preparing  the  cups  probably  eliminated  this  as  a  source  of  error  in 
determining  the  inclusions.  The  results  which  have  been  recently 
obtained  at  this  Bureau  are  in  substantial  agreement  with  Boltz- 
mann's  determinations  of  the  inclusions.*  He  found  a  slightly 
greater  deposit  of  silver  when  the  deposits  were  made  on  a  previous 
deposit  than  when  they  were  made  on  the  bare  platinum.  The 
results  led  him  to  conclude  that  this  was  due  to  an  initial  deposition 
of  hydrogen  on  the  bare  platintun.  We  think  this  conclusion 
correct,  but  probably  it  occurs  only  under  special  conditions.  We 
made  special  experiments  ^  to  determine  the  possibility  of  the 
deposit  being  diminished  by  an  initial  deposition  of  hydrogen  ions 
on  the  ordinary  platinum  cups  and  found  that  this  was  not  the  case. 
The  recent  work  done  here  on  the  matter  of  inclusions  will,  how- 
ever, afford  a  ready  explanation  of  the  phenomenon  observed  by 
Boltzmaim.  We  may  reasonably  assume  that  his  cups  after  heat- 
ing to  redness  contained  a  slight  alloy  of  silver  and  platinum  which 
would  leave  a  thin  layer  of  platinum  black  when  the  silver  was 
removed.  Boltzmann  tells  us  that  he  glowed  the  cups  before 
making  the  next  deposit  and  this  would  convert  the  platinum  black 
to  platinum  gray.  The  platinum  gray,  as  we  have  shown,  does 
cause  a  diminution  of  the  deposit,  probably  owing  to  its  catalytic 
action  on  the  hydrogen  ions.  The  important  point  here,,  however, 
is  that  Boltzmann's  explanation  holds,  in  our  opinion,  only  when 
the  cup  contains  platintun  gray,  which  is  an  abnormal  condition. 
He  made  experiments  on  the  anode  liquid  and  found  it  without 
effect  on  the  cathode  deposit.  He  also  made  experiments  on  the 
effect  of  light  on  the  voltameter,  with  negative  results. 

Haga  and  Boerema  ®  made  a  careful  determination  of  the  volt- 
age of  the  Weston  normal  cell,  using  a  tangent  galvanometer,  and 

*  BlectritdMstro,  35.13,  p.  ate;  19x4. 

»  Sitzber.  Akad.  Wiss.  Wdn.  n  A,  121,  p.  1051. 

*  This  Bulletin,  18,  p.  z6t  (Reprint  No.  371). 
T  This  Bnlletin,  10,  p.  507  (Reprint  No.  aio). 

*  Arch.  Neer.  Sd.  8,  p.  324;  1913. 
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in  addition  made  determinations  with  the  silver  voltameter,  find- 
ing 1. 01 826  international  volts  at  20^  C  for  the  cell  and  1.11802 
mg  per  coulomb  for  the  absolute  electrochemical  equivalent  of 
silver.  These  are  in  excellent  agreement  with  the  values  fotmd 
by  ourselves.* 

Cohen  *®  investigated  the  validity  of  Faraday's  first  law  at  high 
pressures.  He  arranged  a  voltameter  which  could  be  subjected 
to  1 500  atmospheres  pressure  and  compared  it  with  a  similar  vol- 
tameter in  free  air.  He  fotmd  no  appreciable  difference  between 
them  due  to  the  pressure. 

A  paper  by  Lowry,"  dealing  with  the  solvent  properties  of  silver- 
nitrate  solutions,  is  an  important  contribution  to  the  voltameter 
literature  because  of  its  bearing  on  the  purification  of  silver  nitrate. 
The  paper  gives  quantitative  data  on  the  amount  of  chlorides, 
bromides,  iodides,  and  sulphides  held  by  silver-nitrate  solutions  at 
different  concentrations  and  temperatures. 

Jaeger  and  Von  Steinwehr  "  pubUshed  a  short  paper  in  191 4 
referring  to  the  names  of  the  different  types  of  voltameter.  Prior 
to  April,  1 9 10,  we  had  referred  to  an  arrangement  of  the  voltameter 
consisting  of  a  glass  dish  underneath  the  anode  as  the  Kohlrausch 
voltameter.^*  In  deference  to  what  we  understood  to-  be  Dr. 
Jaeger's  opinion  on  the  question  we  ceased  to  call  this  arrangement 
the  Kohlrausch  voltameter,  and  subsequently  referred  to  it  as  the 
Poggendorff  voltameter.  This,  however,  was  not  what  was  de- 
sired, and  we  are  taking  this  opportunity  to  correct  the  matter. 
The  Kohlrausch  form  of  voltameter  being  especially  used  in  Ger- 
many, it  is  proper  to  designate  it  according  to  the  usage  of  that 
country.  It  is  now  our  understanding  that  the  arrangement  which 
we  have  described  as  this  Poggendorff  voltameter"  when  used 
without  silk  or  other  organic  wrapping  arotmd  the  anode  should 
be  called  the  Kohhausch  voltameter.  When  an  organic  covering 
of  the  anode  is  used,  the  instrument  is  not  properly  to  be  called  a 
Kohlrausch  voltameter.  We  show  in  Fig.  4  a  photograph  of  a 
Kohlrausch  voltameter  as  we  have  recently  used  it  at  this  Bm^au. 
The  matter  of  names  for  the  various  types  of  instruments  is  more 
a  matter  of  convenience  than  of  vital  importance.  We  have  fre- 
quently referred  to  the  porous-cup  voltameter  as  the  Richards 
voltameter,  although  Prof.  Richards  was  not  the  first  to  use  a 
porous  cup  around  the  anode."    In  a  more  recent  paper  of  Jaeger 

t  This  Bulletin.  10,  pp.  477,  486  (Reprint  No.  aao).  ^^  Zs.  f .  Phys.  Chem.,  84,  p.  8j ;  1913.  "  Proc.  R. S., 
91»  P>  53;  X9I4*  "  El^trotecfa.  Zs..  85,  p.  819.  ^>  Supp.  to  Rept.  to  Intermit.  Com.,  p.  x8.  footnote  8. 
1*  This  Bulletin.  9.  p.  173  (Reprint  No.  194).  1^  The  use  of  a  porous  cup  is  mentiooed  in  the  2883  edition 
of  Wiedemann's  Blektridtat.  p.  491.  Probably  Poggendorff  may  be  said  to  have  first  used  the  porous 
cup.    PogR.  Ann..  75,  p.  337:  1848. 
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and  Von  Steinwehr  "  they  express  the  opinion  that  Richards  and 
Anderegg  have  not  proved  their  conclusions  as  to  the  inclusions 
in  the  silver-voltameter  deposits,  and  they  also  state  that  we  have 
not  shown  the  volume  effect  in  any  other  form  of  voltameter  than 
the  porous-cup  form.  In  answer  to  this  latter  statement  we  have 
recently  published  "  a  rather  full  account  of  our  experiments  on 
the  volume  effect,  including  some  experiments  made  recently. 

In  a  note  in  the  October  (19 16)  number  of  the  Journal  of  the 
American  Chemical  Society,  Richards  and  Anderegg  correct  some 
statements  made  in  their  earlier  paper  *^<*  and  admit  the  correctness 
of  the  silver  voltameter  work  of  the  Bureau  of  Standards,  and  also 
admit  the  presence  of  errors  in  their  own  work  which  vitiated  their 
conclusions  as  to  the  magnitude  of  the  inclusions  in  the  silver 
deposit. 

Since  this  paper  has  gone  to  press  we  have  received  a  copy  of 
Obata's  paper  on  the  voltameter."*  He  has  made  careful  meas- 
urements of  the  voltage  of  the  Weston  cell,  finding  1.01826,  volts 
at  20®  C.  He  also  investigated  the  effect  of  add  in  the  voltameter 
and  obtained  a  relation  almost  identical  with  that  which  We  gave."* 

m.  SUMMARY    OF    THE    VOLTAMETER    WORK    AT    THE 

BUREAU  OF  STANDARDS '» 

When  the  international  technical  committee  met  in  Washington 
in  the  spring  of  19 10  to  carry  out  voltameter  measurements  and 
to  determine  the  voltage  of  the  Weston  normal  cell,  we  presented 
to  the  delegates  a  report"  of  our  work  previous  to  that  time. 
This  report  was  in  the  form  of  short  paragraphs  summarizing  our 
conclusions.  We  have  made  use  of  much  of  the  material  in  that 
report  in  what  follows,  but  it  has  been  rearranged  and  revised. 
In  addition  to  this  we  have  added  the  conclusions  drawn  from 
our  subsequent  work.  To  each  paragraph  is  appended  a  series 
of  references  to  the  principal  places  in  our  papers,  as  published  in 
the  Bulletin,  where  the  experimental  results  or  a  more  complete 
discussion  may  be  found.  These  references  are  designated  by 
the  volume  and  page  of  the  Bulletin.  They  furnish  a  ready  guide 
to  the  preceding  papers,  but  can  not  be  regarded  as  a  complete 
index. 

I.  *  The  use  of  filter  paper  in  the  silver  voltameter  gives  an 
abnormal  deposit  which  is  usually  striated  and  from  i  to  5  parts  in 

>*  Zs.  f.  Instrk..  W,  p.  ms;  19x5.  "  This  BuUetin.  IS.  p.  447.  "a  J.  Am.  Chem.  Soc.,  t7,  p.  7.  ^'^  Proc. 
Tokyo  Math.  Phyt.  Soc,  8.  p.  437. 19x6.  "«  This  Bultetin.  10,  p.  jfia.  >•  With  the  cooperatioo  of  A.  S. 
McDamel,  S.  J.  Bates.  G.  A.  Hnlett.  and  W.  M.  Bovard.  >*  Supp.  to  Rept.  to  Inteniat.  Com.,  p.  7. 
^  This  Bulletin.  9.  pp.  X96.  X99t  sz5t  SMt  5xx> 
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10  000  too  heavy.  Using  a  minimum  quantity  of  filter  paper  the 
effect  is  proportionally  decreased,  but  an  excess  in  weight  is  always 
found  which  in  precise  work  is  far  too  much  to  neglect.  Different 
grades  of  filter  paper  produce  approximately  the  same  effect  if  used 
in  equal  quantities.  A  preliminary  washing  of  the  filter  paper  with 
dilute  alkaU  and  water  reduces  the  excess  but  does  not  eliminate  it. 

2.  **  The  striations  and  excess  in  weight  are  also  produced  if 
instead  of  placing  the  filter  paper  in  the  voltameter  while  the  silver 
is  being  deposited  it  is  allowed  to  stand  in  the  electrolyte  for  a 
time  before  the  latter  is  electrolyzed,  the  clear  solution  being 
poured  or  filtered  off  and  electrolyzed  in  a  voltameter  without 
filter  paper.  If  the  electrolyte  is  merely  filtered  through  filter 
paper  before  electrolysis,  an  appreciable  increase  in  the  weight  of 
silver  will  be  found.  Again,  if  the  electrolyte  is  made  up  from 
pure  silver  nitrate  and  distilled  water  in  which  latter  filter  paper 
has  stood  for  some  time,  the  deposit  will  be  striated  and  too 
heavy.  The  water  poured  off  from  the  filter  paper  contains  some- 
thing (oxycellulose  and  cellulosehydrates)  extracted  from  the  filter 
paper,  and  we  have  called  this  soluble  extract  for  convenience 
* '  filter-paper  extract. ' ' 

3.  "  This  effect  of  filter  paper  in  producing  striated  deposits 
offered  a  valuable  means  of  tracing  out  the  nature  of  its  action 
upon  the  electrolyte.  By  this  means,  and  also  other  methods,  the 
influence  of  filter  paper  upon  the  electrolyte  was  established. 

4.  ^*  The  constituents  of  the  filter  paper  which  are  active  in  the 
voltameter  are  soluble  in  water,  since  aqueous  extracts  of  filter 
paper  produce  even  more  pronotmced  effects  than  the  filter  paper 
itself.  Yet  these  active  substances  can  not  be  foreign  impurities 
associated  with  the  cellulose  of  the  filter  paper,  since  repeated 
extraction  does  not  diminish  the  activity  of  the  filter  paper  in  the 
voltameter. 

5.  **  Concentrated  filter-paper  extracts  reduce  neutral  or  faintly 
add  silver-nitrate  solution  to  a  wine-red  colloidal  solution  of  j 
metallic  silver  under  ordinary  conditions.  This  colloidal  solution 
is  permanent  in  the  presence  of  silver  nitrate  and  other  electro- 
lytds,  owing  to  the  protective  action  of  the  reversible  organic  col- 
loid which  is  extracted  from  the  filter  paper.  This  colloidal  silver 
may  be  coagulated  by  means  of  alcohol.  The  properties  and 
composition  of  this  coagulated  silver  or  hydrogel  show  it  to  be 

^  This  Bulletin,  9,  pp.  aoi»  aos.  a  13,  931,  237. 
"  This  Bulletin,  9,  pp.  azi,  a36,-a47,  asx.  159,  270. 
n  This  Bulletin,  9.  p.  930. 
M  This  Bulletin.  9.  pp.  337.  34a. 
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nearly  ptire  metallic  silver  containing  a  Uttle  organic  material. 
It  changes  spontaneously  into  ordinary  gray  metallic  silver  mider 
certain  conditions,  is  insoluble  in  ammonium-hydroxide*  solution, 
soluble  in  30  per  cent  nitric  acid,  soluble  in  potassitun  cyanide, 
and  completely  amalgamates  with  mercury  at  ordinary  tempera- 
tures. 

6.  '•The  reduction  of  neutral  silver-nitrate  solution — ^that  is, 
containing  no  '' uncombined "  acid — by  filter-paper  extract  is 
accompanied  by  the  liberation  of  nitric  acid.  The  detection 
of  this  "free"  nitric  acid  is  complicated,  however,  by  the  fact 
that  silver  nitrate  is  slightly  hydrolyzed  in  solution  and  also 
reacts  with  litmus  and  certain  other  indicators.  These  diffi- 
culties were  overcome,  however,  by  precipitating  the  silver  as 
chloride  by  means  of  pure  neutral  sodium  or  potassium  chloride 
and  filtering  by  means  of  asbestos  or  finely  divided  platinum; 
the  test  is  then  made  upon  the  filtrate.  Tests  made  in  this  way 
show  that  silver  nitrate  solution  contaminated  with  filter-paper 
extract  is  at  first  basic  (to  the  same  extent  as  the  extract  itself 
when  diluted  to  the  same  amount),  but  becomes  less  basic  on 
standing,  and  finally  acid. 

7.  '•  The  action  of  the  filter  paper  (cellulose)  is  not  due  to  the 
formation  of  either  silver  nitrite  or  of  silver  hyponitrite,  as  sug- 
gested by  Smith  and  Lowry,  but  certain  other  reduction  products 
of  nitric  acid,  notably  hydrazine  nitrate,  when  added  to  the 
electrolyte,  cause  the  deposit  to  become  striated.  Careful  tests 
showed,  however,  that  none  of  these  reduction  products  of  nitric 
add  are  formed  in  the  voltameter  under  ordinary  conditions. 

8.  ^  The  action  of  salts  of  hydrazine,  hydroxylamine,  etc., 
in  the  voltameter  was  found  to-  be  due  simply  to  their  strongly 
reducing  character.  Any  strong  reducing  agent  capable  of  pre- 
cipitating colloidal  metallic  silver  from  neutral  silver-nitrate 
solution,  when  added  to  the  electrolyte,  causes  the  silver  deposit 
to  become  striated  similar  to  the  deposits  formed  when  filter 
paper  is  present.  Weaker  reducing  agents,  such  as  cane  sugar, 
starch,  hydrocarbons,  etc.,  do  not  produce  these  effects.  It 
would  thus  appear  that  cellulose  (pure  filter  paper)  is  a  stronger 
reducing  agent  than  either  cane  sugar  or  starch,  and  that  it  is 
this  property  which  causes  it  to  produce  such  marked  effects  in 
the  voltameter. 

**  This  Bulletin,  9,  pp.  S47,  596. 

M  This  Bulletin,  9,  pp.  330,  933.  234.  a35« 

^  This  Bulletin,  0,  pp.  339,  335,  336,  951. 
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9.  "  The  strong  reducing  action  of  cellulose  is  due  to  the  forma- 
tion of  a  film  of  oxycellulose  on  the  surface  of  the  fibers  when 
exposed  to  the  air  tmder  ordinary  conditions.  This  very  small 
amount  of  oxycellulose  may  be  almost  completely  extracted 
with  water  (more  completely  with  dilute  alkali) ,  but  begins  to 
form  again  immediately  on  exposure  to  the  same  conditions. 
The  concentrated  filter-paper  extracts,  especially  the  extracts 
made  with  dilute  alkali,  are  straw  yellow  in  color  and  yield  appre- 
ciable amounts  of  furfuraldehyde  when  distilled.  Dilute  nitric 
acid  increases  the  amount  of  furfural  obtained  by  distillation. 
The  strong  reducing  action  of  oxycellulose  is  not  due  to  its  de- 
composition into  reducing  sugars  such  as  dextrose,  but  probably 
to  its  decomposition  into  furfuraldehyde.  Its  colloidal  nature 
also  probably  influences  its  reducing  properties. 

10.  ^'The  oxycellulose  extracted  is  colloidal  in  character,  as 
revealed  by  examination  with  the  ultramicroscope.  It  shows  a 
basic  reaction  toward  methyl  orange  and  iodeosine,  and  may  be 
accurately  titrated  against  N/iooo  acid  by  means  of  the  latter 
indicator.  It  is  a  reversible  colloid  in  the  sense  defined  by  Zsigs- 
mondy.  Under  usual  conditions  it  migrates  toward  the  anode. 
Only  a  relatively  small  amount  of  this  organic  colloid  reaches  the 
cathode  in  the  silver  voltameter,  the  main  portion  of  the  excess 
weight  of  deposit  in  the  filter-paper  voltameter  consisting,  we 
believe,  of  colloidal  metallic  silver. 

11.  ^  Raw  silk  used  as  a  septum  instead  of  filter  paper  gives 
at  first  an  effect  somewhat  similar  to  that  of  filter  paper,  due  to  its 
decomposition  into  an  aldehyde;  if  used  repeatedly,  acid  is  pro- 
duced, and  this  acts  in  the  opposite  direction,  decreasing  the 
weight.  Sometimes,  therefore,  the  effect  of  silk  may  be  to  in- 
crease the  weight  of  the  deposit,  and  sometimes  to  decrease  the 
weight  of  the  deposit,  according  to  how  long  it  has  been  used. 
Raw  silk  may  contain  linen  or  mercerized  cotton,  in  vrhich  case  its 
effect  is  greater.  Pure  raw  silk  thoroughly  washed  produces  the 
effect  only  slightly. 

12."  Pol3mierized  furfuraldehyde  when  added  to  the  electrolyte 
in  amounts  as  small  as  o.ooi  per  cent  causes  the  electrodeposited 
silver  to  become  striated  and  strikingly  similar  in  appearance 
under  the  microscope  to  the  deposits  from  the  filter-paper  vol- 
tameter. 

— '■--■ 

M  This  BuUetin,  9,  pp.  031,  aja,  ajr*  953.  S54,  256.  ate. 
M  This  BttUetin,  9,  p.  ajp. 
<*  This  Bii]letJn»  9,  pp.  aox,  aoa,  aja;  10,  p.  508. 
"  This  Bulletin,  9.  pp.  236,  359. 
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13."  The  most  important  classes  of  imptirities  to  be  guarded 
against  are:  (a)  Reducing  impurities  both  organic  and  inorganic; 
(6)  "  uncombined '*  base  or  acid;  (c)  abnormal  amotmts  of  carbon 
dioxide;  (d)  "soluble"  or  colloidal  silica;  and  (e)  positively 
charged  colloids  in  general. 

14."  The  two  fundamental  conditions  for  striations  are  (i)  the 
presence  of  reducing  impurities  in  the  electrolyte  and  (2)  a  motion 
of  the  electrol3rte  over  the  cathode.  These  must  exist  simul- 
taneously, as  neither  can  produce  striations  alone,  although  the 
first  may  modify  the  crystalline  structure  of  the  deposit.  The 
distinctness  and  color  of  the  striations  depend  on  the  relative 
amount  of  reducing  imptuities,  except  that  in  the  case  of  a  high- 
current  density  or  long-continued  current  the  striations  may  be 
bridged  over  by  the  deposited  metal  forming  a  solid  sheet  that 
does  not  appear  striated  at  the  end  of  the  experiment.  The  de- 
posit from  a  pure  electrolyte,  tmcontaminated  by  filter  paper  or 
other  material,  is  distinctly  crystalline  and  entirely  free  from 
striations.  Striations  are  therefore  an  evidence  of  an  imptu^ 
electrol3rte,  although  slight  impurity  (sufficient  to  increase  the 
weight  appreciably,  especially  in  a  large  voltameter)  may  exist 
without  evident  striation.  The  cause  of  striations  and  the  con- 
ditions which  determine  their  distance  apart  and  appearance  are 
fully  discussed  in  the  second  paper. 

i5.**  Colloidal  silver  in  solutions  prepared  chemically  or  by 
Bredig's  method  travels  to  the  cathode.  This  is  a  matter  of  im- 
portance in  the  explanation  of  striations. 

1 6.**  The  anodes  are  generally  prepared  by  slowly  depositing 
silver  upon  them  at  the  same  time  that  the  silver  is  removed  from 
the  platinum  cups  by  electrolysis.  This  may  be  conveniently 
done  during  the  night,  uising  a  smaller  cturent  than  in  the  voltam- 
eter deposit.  The  anodes  are  subsequently  baked,  which  whitens 
them  and  frees  them  from  acid.  We  have  also  employed  pure 
commercial  silver  for  anodes  and  have  found  it  satisfactory,  but 
the  anode  slime  is  produced  in  much  greater  quantity  than  upon 
the  electrol3rtic  anodes,  hence  the  latter  are  to  be  preferred,  espe- 
cially when  no  septiun  is  used.  We  recommend  an  anode  current 
density  not  greater  than  0.05  ampere  per  square  centimeter. 

tt  ^HiJb  Bulletin,  9,  pp.  aaa-ada,  534;  10,  pp.  494-495;  H*  P-  556;  18,  p.  167;  18,  p.  447. 

**  This  BitOetJii,  8,  pp.  too,  azt,  970,  979< 

M  This  BuUetin,  8,  p.  219. 

*  This  Bulletin,  8,  pp.  x^j,  5x8;  10,  pp.  499,  509. 
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"ly.**  Platinum  cups  of  several  sizes  and  gold  cups  of  the  smaller 
size  have  been  used  as  cathodes.  With  pure  electrolyte  the  de- 
posits in  the  various  sizes  are  in  agreement.  The  gold  cups  agree 
with  the  platinum  cups  and  are  satisfactory  in  service,  but  we  do 
not  recommend  them  in  preference  to  platinum  because  they  are 
not  as  durable.  The  cathodes  both  with  and  without  deposits 
have  been  dried  at  150°  in  an  electric  oven.  We  have  seen  com- 
paratively little  floating  silver  when  washing  a  deposit  in  any  form 
of  voltameter.  This  may  be  left  in  the  bowl  by  using  a  siphon  to 
remove  the  electrolyte  and  wasTi  waters.  After  thorough  washing 
with  cold  distilled  water  no  spots  should  appear  on  the  deposit 
after  drying  in  the  oven.  We  recommend  a  current  density  not 
greater  than  o.oi  ampere  per  square  centimeter. 

18.'^  For  the  accurate  weighing  of  the  cathode  bowls  it  is  neces- 
sary to  have  the  balances  in  a  room  of  nearly  constant  tempera- 
tiure  and  to  protect  the  bowls  from  any  considerable  radiations. 
To  minimize  the  errors  arising  from  changes  of  htmiidity  and 
atmospheric  density  we  prefer  to  use  platinum  bowls  of  equal 
size  as  tares.  With  proper  arrangements  a  4-g.  deposit  is  quite 
sufficient  for  weighings  to  be  made  to  a  higher  acciuracy  than  i 
part  in  100  000  of  the  deposited  silver. 

19.**  In  washing  the  deposits  of  silver  we  have  fotmd  it  neces- 
sary to  complete  the  washings  on  the  same  day  that  the  experi- 
ment is  made.  We  find  that  the  precaution  taken  by  some 
observers  of  soaking  the  deposits  overnight  leads  to  a  serious 
error,  since  silver  in  contact  with  platinum  is  appreciably  soluble 
in  water. 

2o.**  A  large  variety  of  voltameters  has  been  used.  Among 
them  are  the  porous-cup  form;  the  nonseptum  form,  including 
that  designed  by  Kohlrausch  and  the  modification  devised  by 
F.  E.  Smith,  of  the  National  Physical  Laboratory;  the  siphon 
form  in  several  different  arrangements;  and  the  filter-paper  form. 
The  last  we  have  found  is  seriously  in  error,  due  to  the  action  of 
filter  paper.  (See  above.)  The  siphon  form  presents  great 
experimental  difficulties,  due  to  its  high  internal  resistance  and 
the  large  volume  of  electrolyte  which  may  lead  to  error.  There 
remain,  therefore,  the  porous-cup  voltameter,  which  we  have 
found  particularly  useful,  and  the  nonseptum  forms  of  Kohlrausch 

M  Tills  Bulletin,  9,  pp,  170, 184, 187,  axa,  aaz,  5*9;  U»  PP*  555>  567;  it.  P*  tgu 

»  This  Bulletin,  9,  pp.  171,  X74,  x8z,  x8S;  IS,  p.  159. 

M  This  Bulletin,  9,  p.  184: 11,  p.  558* 

**  This  Bulletin,  9,  pp.  lya,  5x8;  10,  pp.  479, 497,  599:  IS,  p.  zsx.    . 
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(no  silk)  and  of  Mr.  Smith.  These  are  the  most  reliable,  in  our  opin- 
ion, and  are.  in  substantial  agreement.  But  it  must  be  noted  that 
a  voltameter  ¥dthout  any  septum  tnay  give  an  abnormally  heavy 
deposit,  due  to  anode  slime  carried  over  to  the  cathode,  especially 
if  the  anode  is  very  small.  Some  form  of  septum  is  desirable, 
unless  a  voltameter  arrangement  is  employed  which  effectively 
prevents  the  formation  of  anode  slime,  or  in  some  other  way 
prevents  anode  slime  from  reaching  the  cathode. 

21.*®  The  AgNOg  salt  must  be  ptnified  by  recrystallization, 
with  or  without  subsequent  fusion,  repeatedly  if  necessary.  The 
preparation  of  the  salt  and  the  testing  for  purity  we  have  fully 
discussed.  An  electrol3rte  prepared  by  dissolving  pure  salt  in 
pure  water  does  not  require  filtering.  The  deposit  is,  however, 
unaltered  by  filtering  the  electrolyte  through  asbestos.  The 
presence  of  a  trace  of  acid  (i  or  2  parts  in  i  000  000)  in  the  elec- 
trol3rte  affects  only  slightly  the  weight  of  silver  deposited.  The 
electrol3rte'  may  become  slightly  acid  to  this  extent  dtuing  the 
run  when  a  porous  cup  is  used,  but  this  does  no  harm. 

22."  The  water  used  to  prepare  the  electrolyte  has  been  twice 
distilled,  its  specific  conductivity  l3ang  between  0.8  X  lo-'  and 
2XIO"'.  In  addition,  special  care  has  been  taken  that  the 
water  was  neutral  toward  iodeosine  (in  ether-water  solution)  or 
methyl  red  as  it  came  from  the  still. 

23."  The  restriction  in  the  official  specifications  of  the  London 
conference  that  only  30  per  cent  of  the  silver  in  the  electrolyte  be 
deposited  is  unnecessary.  Ten  per  cent  solution  of  AgNO, 
agrees  with  15  per  cent  in  the  weight  of  the  deposit  produced. 
Using  10  per  cent  solution  is  more  economical  of  material,  and  on 
the  whole  to  be  preferred,  provided  the  volimie  of  the  cathode 
electrolyte  is  not  too  small.  Used  cathode  solution  (made  up  to 
ID  per  cent  by  adding  pure  new  salt)  agrees  with  10  per  cent  new 
solution  when  the  latter  is  pure.  Used  solution  gives  a  smaller  and 
more  nearly  normal  deposit  than  new  when  the  latter  is  not  quite 
pure;  this  is  due  to  the  impurity  being  electrolyzed  out  during 
the  first  run. 

24.**  If  recrystallized  silver  nitrate  containing  any  amount  of 
acid  greater  than  0.005  P^  cent  is  fused  in  an  electric  oven  at  a 
temperature  between  230**  and  300°  C,  and  is  quickly  removed 
from  the  oven  as  soon  as  completely  fused,  the  salt  retains  from 
o.ooi  to  0.003  P^  c^ot  of  the  nitric  acid,  and  shows  no  evidence 

«  This  Bulletin,  9,  pQ,  SM*  S37*  **  This  Bulletin,  9,  pp.  004, 496,  szs;  10»  p.  494. 
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of  decomposition  as  indicated  by  its  reaction  toward  N/iooo 
permanganate,  and  by  the  fact  that  it  gives  no  volume  effect  in 
the  voltameter.  Salt  containing  about  this  amotmt  of  nitric 
acid  is,  in  our  opinion,  more  suitable  for  voltameter  work  than 
when  exactly  neutral. 

25."  If  acid  silver-nitrate  crystals  containing  traces  of  organic 
impurities  are  fused  as  we  have  described,  the  product  reduced 
N/iooo  permanganate.  This  is  a  reliable  and  very  sensitive  test 
for  small  traces  of  organic  material  in  general  in  silver  nitrate, 
and  is  especially  valuable  for  detecting  traces  of  filter-paper 
contamination.  Colloidal  silver  is  oxidized  quantitatively  by 
permanganate,  one  equivalent  of  the  silver  requiring  one  equiv- 
alent of  the  permanganate  solution.  The  anode  electrolyte  does 
not  reduce  thousandth  normal  permanganate  solution  if  careftilly 
decanted  from  the  anode  slime  or  if  filtered  through  asbestos.  If 
filtered  through  filter  paper,  it  does  reduce  quite  appreciable 
quantities  of  permanganate. 

26.^  We  have  found  it  possible  to  make  satisfactory  tests 
of  the  acidity  of  the  electrolyte  by  precipitating  the  silver  with  a 
neutral  chloride  and  titrating  the  filtrate  with  N/iooo  H^04  or 
N/iooo  NaOH,  using  either  iodeosine  in  ether-water  solution  or 
an  alcoholic  solution  of  methyl  red.  The  latter  is  somewhat 
simpler  to  use. 

27.^  A  careful  study  of  the  effect  of  acid  in  the  electrolyte  has 
been  made,  showing  that  it  decreases  the  deposit  of  silver  if  the 
electrol3rte  is  pure.  With  impure  electrolytes  the  effect  can  not 
alwa3rs  be  predicted.  Acid  does  not  cause  a  deposition  of  hydro- 
gen ions  before  the  deposition  of  silver  begins,  as  some  have 
supposed. 

28.*'  The  temperature  coefficient  of  the  porous-cup  voltam- 
eter is  zero  for  a  pure  electrol3rte.  Experiments  have  shown 
that  it  is  not  more  than  i  part  in  i  000  000  per  degree,  at  least 
between  20®  and  50°  C,  and  this  is  within  the  errors  of  the  experi- 
ment. When  the  electrolyte  contains  reducing  impurities  these 
will  be  more  active  at  the  higher  temperature  and  therefore  a 
temperature  coefficient  will  appear,  as  found  by  Lord  Rayleigh 
and  others,  but  this  does  not  mean  that  the  true  electrochemical 
equivalent  is  subject  to  temperature  changes. 

"Thia  Bulletin,  »,  pp.  531,  534;  18,  p.  x«9. 
•  This  BttUetln,  9,  p.  536;  10.  p.  509;  11 ,  p.  555. 
M  This  Bulletin,  10,  pp.  48a.  503.  505;  11,  p.  556. 
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29.**  Large  voltatueters  frequently  give,  larger  deposits  than 
small  ones,  such  excess  being  due  to  the  impurity  of  the  electrolyte. 
This  excess  of  the  deposit  in  voltameters  of  larger  volume  is  called 
the  "voliune  effect."  With  very  pure  electrolyte  the  difference 
disappears,  but  we  have  seldom,  if  ever,  been  able  to  purchase 
silver  nitrate  pure  enough  to  «show  no  appreciable  voltune  effect 
without  further  purification.  The  agreement  of  large  and  small 
voltameters  in  series  is  an  excellent  test  for  the  purity  of  the 
electrolyte. 

30.*^  The  volume  effect  is  not  confined  to  any  one  form  of 
voltameter,  but  has  been  fotmd  in  all  the  forms  tested.  We 
have  found  the  large  and  smaU  sizes  of  voltameters  in  excellent 
agreement  when  the  electrolyte  was  pure,  as  shown  by  our  per- 
manganate and  acidity  tests.  With  less  pure  electrolyte,  such 
as  we  have  prepared  from  "C.  P."  silver  nitrate  as  purchased,  a 
difference  of  from  0.2  to  0.8  mg  appears,  and  by  soaking  a  little 
filter  paper  in  this  electrol3rte  for  about  10  minutes  this  difference 
may  be  increased  to  1.5  or  2.0  mg.  Since  we  have  used  the  same 
cathodes,  anodes,  and  porous  cups  in  these  tests,  the  conclusion  is 
obvious  that  the  voltune  effect  arises  from  the  electrolyte  and 
not  from  the  porous  cup  or  other  arrangement  of  the  voltameter. 
With  an  electrolyte  known  to  be  impure  we  have  never  found  the 
large  and  small  voltameters  in  agreement  and,  on  the  other  hand, 
with  an  electroljrte  believed  to  be  pure  the  volume  effect  has 
appeared  to  an  appreciable  extent  in  only  two  or  three  cases 
out  of  a  great  number  of  comparisons;  these  were  undoubtedly 
due  to  experimental  error  or  to  accidental  contamination  of  the 
electrol3rte. 

31.*®  If  the  volume  of  electrolyte  in  the  porous-cup  voltameter 
is  specified,  it  should  be  the  volume  of  the  electrolyte  in  the 
cathode  space.  The  volume  of  the  anode  liquid  above  20  cc  for  a 
4  g  deposit  is  immaterial. 

32."  The  siphon  form  of  voltameter  with  electrol3rte  as  pur- 
chased has  given,  without  exception,  a  larger  deposit  than  the 
Richards  or  Kohlrausch  forms  as  used  by  us.  The  siphon  vol- 
tameter with  porous  cup  over  the  cathode  end  gives  a  smaller 
deposit  than  without  a  porous  cup,  because  the  latter  reduces 
the  volume  of  the  cathode  electrol3rte.    A  porous  cup  over  the 

*  This  BtiUetin,  9.  pp.  x6S,  5x4;  10,  p.  530;  18,  p.  167;  18.  p.  447. 
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anode  end  makes  little,  if  any,  difference.  However,  with  elec- 
trolyte of  highest  purity  the  siphon  voltameter  probably  agrees 
with  other  forms,  although  due  to  heating  it  can  not  be  used 
in  absolute  determinations  and  for  large  sizes  it  magnifies  any 
slight  volume  effect. 

33."  No  advantage  is  found  in  tt^ing  large  porous-cup  voltam- 
eters instead  of  small  ones,  but  on  the  contrary  several  disad- 
vantages. They  require  more  electrolyte,  can  not  be  weighed 
as  accurately  relatively  to  the  amotmt  of  silver  deposited  (imless 
the  deposit  is  more  than  usual  and  more  than  necessary) ,  are  less 
convenient  to  handle,  and  are  more  expensive.  If  the  salt  is 
not  perfectly  pure,  the  excess  of  the  deposit  will  be  greater  in 
the  large  cups  and  hence  the  error  multiplied.  Four  grams  can 
readily  be  deposited  in  our  smallest  cups,  representing  one-half 
ampere  for  two  hours.  We  advise  the  use  of  more  than  one  size 
of  platinum  cup,  however,  for  testing  the  purity  of  the  electrolyte, 
employing  the  smaller  size  for  standard  use.  On  the  contrary, 
the  new  form  devised  by  F.  E.  Smith  is  more  convenient  in  the 
large  sizes. 

34."  The  porous  cups  should  be  fine  grained,  thin  walled,  and 
of  low  electrical  resistance,  and  after  preliminary  washing  should 
be  kept  immersed  in  good  AgNO,  solution  before  using  in  the 
voltameter  and  between  experiments.  We  find  it  easy  to  keep 
the  cups  neutral  and  clean  and  believe  them  thoroughly  reliable  . 
in  use.  That  porous  cups  are  very  efficient  separators  between 
anode  and  cathode  chambers  is  shown  by  the  fact  that  filter  paper 
may  be  placed  inside  the  porous  cups  without  altering  the  appear- 
ance or  weight  of  the  deposit  on  the  cathode.  Filtration  through 
a  porous  cup  decolorizes  a  solution  of  colloidal  metal  and  also 
removes  the  filter-paper  extract  from  an  electroljrte  or  from  a 
water  solution.  We  do  not  advise  cleaning  the  porous  cups 
with  aqua  regia  and  KCN  nor  baking  them  at  high  temperatiues. 
We  use  nitric  add  for  whitening  them  and  distilled  water  for 
washing.  Heating  to  a  high  temperature  renders  them  alkaline. 
Cups  made  by  the  Kdniglich  Porzellan  Manufaktur,  of  Berlin, 
have  been  used  in  most  or  our  experiments,  but  in  the  later  work 
we  have  also  used  cups  made  by  John  Maddock,  in  Trenton,  N.  J., 
with  equal  success.  These  latter  have  the  advantage  of  being 
provided  with  solid  vitreous  tops.     Not  every  kind  of  a  porous 

■*  Thifl  Bulletin,  9,  pp.  503,  505. 
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cup  will  be  satisfactory  in  the  voltameter.  We  have  tried  several 
other  kinds  and  have  found  them  unsuitable,  for  various  reasons. 

35.^  Tests  on  the  purity  of  the  deposits  have  been  made  in 
various  ways.  In  the  first  place,  it  is  to  be  remarked  that  the 
consistency  of  the  results  shows  either  that  the  inclusions  must 
be  very  small  or  very  constant  in  amount.  By  alloying  the 
deposit  of  silver  with  50  times  its  weight  of  mercury  we  were 
able  to  release  the  inclusions  so  as  to  make  actually  visible  organic 
matter  deposited  in  the  silver  from  solutions  which  had  been 
strongly  contaminated  by  filter  paper,  and  by  means  of  phenol- 
sulphonic  acid  small  amotmts  of  silver  nitrate  were  detected;  but 
when  deposits  from  pure  electrplytes  were  similarly  alloyed,  no 
visible  inclusions  were  fotmd  nor  was  any  evidence  of  silver 
nitrate  as  great  as  o.ooi  per  cent  found. 

An  extensive  and  careful  series  of  tests  for  inclusions  has  been 
made  by  heating  the  deposits  in  the  platinum  cups  to  a  tempera- 
ture of  600°  or  above,  both  in  an  electric  furnace  and  in  a  flame. 
Consistent  results  were  obtained,  showing  as  the  average  of  25 
observations  a  mean  loss  in  weight  of  the.  deposit  of  0.0040  per 
cent,  which  is  independent  of  the  size  of  the  voltameter.  With 
deposits  from  less  ptire  electroljrtes  we  have  found  inclusions  to  be 
greater.  We  have  measured  the  inclusions  between  the  silver 
crystals  and  the  cup  by  an  application  of  the  conductivity  method 
and  find  them  to  be  only  about  0.0002  per  cent  of  the  silver 
deposit  as  a  maximtim.  We  have  found  the  method  of  heating 
the  cups  and  deposits  to  expel  the  inclusions  to  be  subject  to  a 
serious  source  of  error,  due  to  the  slight  alloying  of  the  platinum 
and  silver  which  results  in  platinum  black  when  the  silver  is 
removed.  This  must  be  guarded  against  the  next  time  the  cups 
are  used. 

36.^  Various  experiments  on  the  anode  solution  have  been 
made,  since  this  has  been  thought  to  contain  an  anomalous  sub- 
stance which  deposits  silver  spontaneously  and  makes  the  deposit 
on  the  cathode  too  heavy  if  it  is  permitted  to  reach  the  cathode. 
We  have  found  that  all  the  effects  ascribed  to  it  may  be  more 
readily  attributed  to  the  presence  of  impurities  in  the  electrolyte, 
such  as  colloidal  silver.  We  have  not  found  anything  abnormal 
about  anode  solutions  which  were  initially  pure. 
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The  following  determinations  have  been  made  in  the  foregoing 
papers: 

37."  The  voltage  of  the  Weston  ilormal  cell  at  20*^  C  has  been 
fotmd  to  be  1 .01 827  volts.  For  this  determination  three  long  series 
of  observations  involving  about  300  deposits  in  the  voltameters 
of  various  sizes  and  of  both  the  porous-cup  and  nonseptum  forms 
have  been  made.  We  have  used  the  international  ohm  as  it  was 
defined  by  the  international  technical  committee.  The  value  for 
the  cell  is  in  international  volts  and  is  not  corrected  for  any 
inclusions  in  the  silver. 

38.*^^  By  means  of  an  absolute  current  balance  of  the  Rayleigh 
type  and  our  voltameters,  using  both  the  porous-cup  and  non- 
septum  forms,  the  absolute  electrochemical  equivalent  of  silver  is 
1 .  1 1 805  mg  per  coulomb  (not  corrected  for  inclusions  in  the  silver) . 
By  applying  the  corrections  for  inclusions  in  the  silver  (see  No.  39 
below)  we  find  the  absolute  electrochemical  equivalent  of  silver 
to  be  1.11800  mg  per  coulomb. 

39.*'  Measurements  of  the  inclusions  of  foreign  material  in  the 
silver  deposits  have  shown  that  on  the  average  0.004  P^  cent  of 
the  weight  of  the  deposit  is  expelled  by  heating.  This  indicates 
that  the  deposited  silver  from  pure  solution  is  99.996  per  cent 
pure  silver. 

40.'^*  By  using  the  silver  and  iodine  voltameters  in  series  and 
comparing  the  deposits  of  silver  and  iodine,  the  ratio  of  silver 
deposit  to  the  iodine  deposit  is  fotmd  to  be  0.85017,  which  cor- 
rected for  the  inclusions  of  foreign  matter  in  the  silver  deposits 
is  0.8501 3a.  This  is  larger  than  the  ratio  of  the  present  international 
atomic  weights  of  silver  and  iodine  by  nearly  0.018  per  cent. 

41  .•^  In  terms  of  the  silver  voltameter  for  calculating  the 
coulombs  on  the  basis  of  the  electrochemical  equivalent  of  silver 
( 1. 1 1800  mg),  as  defined  by  the  London  Electrical  Congress  of 
1908,  we  found  the  electrochemical  equivalent  of  iodine  to  be 
1.31502  mg  per  coulomb.  This  is,  then,  the  value  in  international 
electrical  imits.  To  convert  it  into  the  absolute  value,  asstuning 
the  inclusions  in  the  silver  deposits  to  be  0.004  P^  cent,  as  stated 
above,  we  have  to  add  0.004  P^  cent;  that  is,  the  value  becomes 
1-31507  ^S  P^  coulomb. 

»•  This  Bulletin,  9.  pp.  19S,  504;  10.  pp.  486, 489. 490p  498. 
ii  This  Bulletin,  10,  p.  477. 
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42.*^  The  Faraday  on  the  basis  of  the  absolute  electrochemical 
equivalent  of  silver  and  of  iodine  and  their  atomic  weights  is  as 
follows: 

On  the  silver  basis  (Agaioy.SS) 96  494 

On  the  iodine  basis  (Iasi26.93) 96  51a 

Mean 9^  5^3 

The  best  rotmd  value  which  can  be  assigned  to  this  constant 
appears,  therefore,  to  be  96  500  coulombs. 

43.**  Silver  deposits  in  platinum  dishes  are  appreciably  soluble 
in  distilled  water.  The  average  rate  at  which  the  silver  is  lost 
from  the  deposit  is  0.006  mg  per  hotu*  from  a  4  g  deposit. 

IV.  SPECIFICATIONS  FOR  THE  SILVER  VOLTAMETER 

1.  PREVIOUS  SFBCmCATIONS 

In  1 89 1  the  electrical  standards  committee  appointed  by  the 
English  Board  of  Trade  reported  ^  at  the  Cardiff  meeting  of  the 
British  association  a  series  of  resolutions  of  which  No.  10  defined 
the  ampere  in  terms  of  the  mass  of  silver  deposited  according  to 
accompanying  detailed  specifications.  At  Edinburgh^  the  follow* 
ing  year  representatives  of  Germany,  Prance,  and  the  United  States 
met  with  the  electrical  standards  committee  to  consider  the  estab- 
lishment of  identical  standards  in  various  countries.  Those 
present  agreed  ''That  the  number  0.001118  should  be  adopted  as 
the  number  of  grams  of  silver  deposited  per  sdcond  from  a  neutral 
solution  of  silver  nitrate  by  a  current  of  i  ampere."  The  speci- 
fications of  the  preceding  year  were  not  changed,  but  were  pub- 
lished ^ain  in  the  report  of  the  Nottingham  meeting^  (1893) > 
which  included  all  the  points  agreed  on  by  the  international 
gathering  at  Edinburgh. 

The  International  Electrical  Congress^  at  Chicago  in  1893 
adopted  in  its  chamber  of  delegates  a  resolution  defining  the  inter- 
national ampere  as  one-tenth  of  the  cgs  ampere  and  said  that  it  was 
represented  "sufficiently  well  for  practiced  use  by  the  tmvar3Hng 
current  which  *  *  *  deposits  silver  at  the  rate  of  o.ooi  1 18  of 
a  gram  per  second.''  This  definition  was  accompanied  by  speci- 
fications which  were  exactly  the  same  as  in  the  report  of  the 

*  This  Bulletm,  10,  p.  44a. 
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electrical  standards  committee,  but  lacked  the  description  of  the 
"method  of  making  a  measurement."  These  are  therefore  the 
first  international  specifications  for  the  voltameter,  but  their 
adoption  was  not  obligatory  on  the  countries  represented.  The 
countries  participating  were  invited  to  adopt  the  recommendations 
of  the  congress. 

The  United  States,  by  an  act  •^  approved  July  12,  1894,  was  the 
first  to  adopt  the  recommendations  of  the  Chicago  congress, 
although  the  wording  of  the  act  was  slightly  modified  from  that  of 
the  resolutions  adopted  by  the  congress,  and  the  duty  of  preparing 
specifications  for  the  use  of  the  voltameter  was  laid  on  the  National 
Academy  of  Sciences.  The  specifications  which  they  adopted 
were  essentially  those  of  the  congress  with  the  ''  method  of  making 
a  measurement"  of  the  English  electrical  standards  committee 
added,  but  both  were  slightly  modified  in  wording. 

A  few  weeks  later  a  British  order  in  council,*'  August  23,  1894^ 
adopted  the  recommendations  of  the  Clucago  congress  with  speci- 
fications including  the  method  of  making  a  measurement  as  pre- 
viously reported  by  the  electrical  standards  committee. 

A  decree  ••  of  the  President  of  Prance  April  25,  1896,  adopted 
the  voltameter  for  the  practical  measurement  of  the  ampere  with 
specifications  similar  to  those  of  the  electrical  standards  committee 
of  the  British  Board  of  Trade. 

In  Germany  the  law^®  of  June  i ,  1 898,  adopted  the  voltameter  and 
empowered  the  Bundesrath  to  fix  the  conditions  under  which  the 
silver  is  to  be  deposited.  The  German  law  differed  in  some  impor- 
tant respects  from  the  resolutions  of  the  Chicago  congress.  Some 
other  countries  also  adopted  similar  laws  for  the  electrical  units. 
The  next  important  step  was  taken  at  the  Leicester  ^*  meeting  of 
the  British  association,  where  more  elaborate  specifications  were 
reported  as  a  proposal  from  the  National  Physical  Laboratory  for 
discussion  at  the  electrical  congress  at  London  the  following  year. 

The  London  congress  "  made  a  distinction  between  the  ampere 
and  the  international  ampere.  The  latter  they  defined  in  terms 
of  the  silver  voltameter,  but  the  meager  specifications  adopted 
represented  only  the  principal  points  on  which  there  was  no  dif- 
ference of  opinion,  and  it  was  the  intention  that  the  international 

^  Coast  and  Geodetic  Survey  BuUetln  Na  31;  Standards  for  Blectrical  Measure,  Nat.  Acad.  Sd.,  1895. 

"  B.  A.,  Report  for  1894,  p.  136. 

*  This  Bulletin,  1,  p.  75, 1904;  Circular  No.  60,  p.  6a,  19x6. 

f*  This  BuUetin,  1,  p.  72, 1904;  Circular  No.  tio,  p.  60. 19x6. 

n  B.  A.,  Roxxt  for  1907,  p.  76. 

**  Report  d  IiOadflB  congress,  p.  7a!  1906. 
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committee  should  adopt  more  detailed  and  rigorous  specifications, 
but  this  has  not  yet  been  done. 

The  specifications  adopted  by  the  London  congress  are  as 
follows : 

SPBCmCATION  RBLATINO  TO  XUK  DBPOSTIXON  OF  8ILVKU 

The  electrolyte  shall  consist  of  a  solution  of  from  15  to  ao  parts  by  weight  of  sUver 
nitrate  in  100  parts  of  distilled  water.  The  solution  must  only  be  used  once,  and  only 
for  so  long  that  not  more  than  30  per  cent  of  the  silver  in  the  solution  is  deposited. 

The  anode  shall  be  of  silver,  and  the  kathode  of  platinum.*  The  current  density  at 
the  anode  shall  not  exceed  •(  ampere  per  square  centimetre  and  at  the  kathode  -l^ 
ampere  per  square  centimetre. 

Not  less  than  100  cubic  centimetres  of  electrolyte  shall  be  used  in  a  voltameter. 

Care  must  be  taken  that  no  particles  which  may  become  mechanically  detached 
from  the  anode  shall  reach  the  kathode. 

Befofe  weighing,  any  traces  of  solution  adhering  to  the  kathode  must  be  removed, 
and  the  kathode  dried. 

Dr.  Rosa,  at  the  request  of  the  members  of  the  international 
technical  committee,  prepared  a  new  set  of  voltameter  specifica- 
tions, but  these  were  not  adopted  although  published^'  by  the 
technical  committee  in  its  report: 

Although  the  specifications  for  the  voltameter  are  not  yet 
adopted,  Switzerland  by  Federal  law"  of  June  24,  1909,  and 
England  by  order  in  cotmcil  of  January  10,  1910,  adopted  the 
recommendations  of  the  I/)ndon  conference,  and  legislation  ^^  on 
this  subject  had  passed  the  Chamber  of  Deputies  of  Prance  prior 
to  the  outbreak  of  the  European  war.  The  specifications  whidi  we 
publish  below  are  the  outcome  of  our  own  work  on  the  voltameter 
and  we  hope  they  will  be  of  service  when  it  is  possible  for  the 
international  committee  to  adopt  specifications. 

2.  SPBCnnCATIONS  PROPOSED  B7  THB  BUREAU  OF  STANDARDS 

These  specifications,  which  are  the  outcome  of  the  Bureau's 
experiments  of  the  past  eight  years,  are  prepared  for  work  of  the 
highest  precision  and  must  be  closely  followed  when  an  accuracy 
of  o.ooi  per  cent  is  desired.  To  attain  this  degree  of  precision,  the 
utmost  care  as  to  the  purity  of  the  materials  and  in  the  manipu- 
lation of  the  voltameters  is  necessary,  and  the  result  should  be 
the  mean  of  several  separate  experiments  with  two  or  mor^ 
voltameters  in  series  in  each  experiment. 

For  work  requiring  only  o.oi  per  cent  accuracy,  the  precautions 
taken  may  be  somewhat  reduced.  The  liabor  of  weighing  the 
deposits  and  pxuifying  the  salt  may  be  considerably  lessened  as 

"  Report  of  Int.  Tech.  Com.,  p.  199;  xpxa.    ''*  Circukr  No.  60,  p.  63;  19x6.    ^  Circukr  No.  60,  p.  57;  19x6. 
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compared  with  tht  procedtire  for  work  of  the  highest  accuracy, 
provided  the  tinpurified  electrolyte  does  not  contain  more  than 
25  parts  in  i  ooq  000  of  add,  or  enough  alkali  to  produce  striation. 
No  observations  should  be  uised  in  which  the  deposits  show 
striations.    Hie  mean  of  several  deposits  should  be  taken. 

For  work  requiring  only  o.i  per  cent  acciu-acy,  the  c.  p.  silver 
nitrate,  prepared  by  the  best  manufacturing  chemists,  may  be 
used  without  further  ptuification.  Filter  paper  in  tninimnni 
amounts  may  be  used  as  a  septum  between  anode  and  cathode, 
for  convenience,  if  desired.  The  deposits  will  then  be  striated, 
but  deposits  showing  excessive  striations  of  a  leaden  color  should 
not  be  relied  on.  With  careful  maniptdation,  the  mean  of  two 
deposits  should  give  results  of  the  desired  accuracy. 

THB  SPBCnnCATIONS.* 

1 .  The  electroljrte  shall  consist  of  a  solution  of  silver  nitrate  in 
distilled  water  (i),  having  from  10  to  20  g  (2)  of  silver  nitrate  in 
100  cc  of  the  solution. 

2.  The  electroljrte  mtist  be  free  from  organic  or  other  reducing 
substances  and  colloids,  as  shown  (a)  by  a  suitable  chemical  test 
(3)  t  (b)  by  giving  a  crystalline  deposit  ftee  from  striations  (4) ,  and 
(c)  by  giving  the  same  weight  of  a  deposit  in  a  large  and  in  a  small 
voltameter  (5). 

3.  The  silver  nitrate  may  be  purified  by  crystallization  from 
add  solution  and  fusion,  and  if  the  chemical  test  for  ptuity  is 
omitted,  it  should  be  purified  until  further  crystallization  from 
add  solution  and  subsequent  fusion  does  not  change  the  wdght 
of  the  deposit  (6). 

4.  The  voltameter  should  contain  not  less  than  75  cc  in  the 
cathode  chamber  (7),  and  the  deposit  should  not  continue  long 
enough  to  reduce  the  concentration  of  the  dectrol}rte  at  the  surface 
of  the  cathode  chamber  bdow  5  per  cent  (8) . 

5.  The  electrolyte  when  ready  for  use  must  be  neutral  or  slightly 
add,  as  tested  by  methyl  red  or  iodeosin  (9) .  As  i  part  in  i  000  000 
of  base  may  increase  (10)  the  deposit  appreciably,  it  may  be  better 
to  have  a  slight  addity  (say  i  part  in  i  000  000)  than  to  take  the 
risk  of  making  it  slightly  basic  in  attempting  to  make  it  strictiy 
neutral.  The  electrolyte  must  be  neutral  at  the  end  of  the 
experiment,  or,  if  not,  only  a  trace  of  add  or  base  should  be 
present.  Any  septum  or  otber  substance  which  contaminates  the 
electroljrte,  or  makes  it  basic,  or  produces  more  than  a  trace  of 
add  must  be  avoided  (11). 

*  Numbers  in  parentheses  refer  to  supplementary  notes  foUoinng  the  spedficatiocis. 
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6.  The  cathode  is  most  conveniently  a  crucible  or  bowl,  pref- 
erably of  platinum  (although  gold  (12)  may  be  used),  of  from 
125  to  400  cc  capacity  (13).  The  surface  should  prefe^bly  be 
smooth  and  bright,  and  the  deposited  silver  should  be  removed 
each  time  by  electrolysis  (14)  or  by  acid  without  scratching  or 
marring  the  surface  of  the  platinum  by  any  instrument. 

7.  The  anode  should  be  of  pure  silver  and  is  preferably  (15) 
coated  with  electrol3rtic  silver  (16).  The  anode  should  have  as 
large  an  active  area  as  the  size  and  type  of  voltameter  permit  (17). 

8.  The  current  during  a  deposit  should  be  maintained  constant, 
and  is  preferably  not  more  than  i  ampere,  and  the  time  not  less 
than  one  hour  (18). 

9.  If  the  surface  of  the  platintun  is  perfectly  clean  and  the 
electrol3rte  pure,  the  silver  will  be  adherent  and  there  will  be 
little,  if  any,  loose  silver  (19).  After  thorough  washing  (20),  the 
cathode  bowls  are  dried  at  about  150^  C,  preferably  in  an  electric 
oven,  and  after  cooling  are  weighed  (21).  In  the  weighing  a 
similar  platinum  dish,  adjusted  to  the  same  weight,  is  ^vanta- 
geously  used  as  a  tare. 

ID.  The  electromotive  fc»rce  of  the  standard  cell  employed  is 
calculated  from  the  weight  of  silver  deposited  (22),  the  resistance 
(23),  and  the  time  (24),  using  1.11800  mg  per  coulomb  (25)  as  the 
electrochemical  equivalent  of  silver  (26). 

II.  If  a  septum  between  the  anode  and  cathode  is  used  (27),  it 
must  not  contaminate  the  electrol3rte  with  organic  or  reducing 
impurities  (28) ;  it  must  not  produce  add  or  alkali  in  the  electro- 
l3rte  (29);  and  it  must  be  of  sufficiently  fine  grain  to  hold  back 
tbe  anode  slime  without  introducing  any  high  resistance  into  the 
voltameter  (30). 

3.  SUPPLBMBNTART  NOTES 

1.  The  water  should  be  of  the  best  quality  and  ftee  from  CO,. 
It  should  not  be  more  than  i  X  ic*  alkaline  or  acid,  and  its  con- 
ductivity should  not  be  more  than  2  X  lO"'  reciprocal  ohms  (re- 
sistance 500  000  ohms  per  cubic  centimeter).  The  water  and 
electrol3rte  ishould  be  kept  in  bottles  of  insoluble  glass.  A  bottle 
long  used  for  the  purpose  is  much  better  than  a  new  one.  The 
electrol}rte  should  not  be  stored  in  glass  vessels  for  long  periods, 
but  fused  solid  AgNOg  may  be  preserved  indefinitely. 

2.  The  lower  limit  of  concentration  is  safe  and  economical  for 
cathode  current  densities  up  to  o.oi  ampere  per  square  centimeter. 
Higher  concentrations  are  useful  for  large  current  densities  and 
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for  small  voltameters,  in  which  convection  currents  can  not  replen- 
ish the  impoverished  liquid  at  the  cathode  as  freely  as  in  the  large 
voltameters. 

3.  This  test  is  for  redudng  impurities,  and  consists  in  adding 
N/iooo  KMnO^  solution  (i  cc  at  a  time)  to  10  cc  of  a  66  per  cent 
solution  of  the  AgNOg  (acidified)  until  the  color  persists  for  five 
minutes.    It  is  described  in  volume  9,  page  531. 

4.  A  dq)osit  made  from  pure  electrol3rte  presents  a  white  matte 
stuface,  and  tmder  the  microscope  is  seen  to  be  made  up  of  crystals 
having  mirror-like  faces  and  sharp  angles.  When  impurities  which 
increase  the  mass  of  deposit  by  2  to  5  parts  in  10  000  are  present, 
the  crystals  become  very  irregular  and  the  deposit  appears  striated. 
For  excessive  amounts  of  impurities  the  crystalline  structure  van- 
ishes, the  striations  become  very  prominent,  and  the  color  of  the 
deposit  is  often  gray  or  yellowish. 

5.  Heavier  deposits  are  obtained  in  large  voltameters  than  in 
small  voltameters  if  reducing  impurities  are  present  in  the  elec- 
trolyte. The  agreement  of  two  different  sizes  is  one  criterion  for 
the  purity  of  the  electrolyte,  and  is  particularly  useful  if  any 
colloids  have  escaped  detection  by  the  permanganate  test 

6.  The  purest  AgNOs  purchased  from  the  best  manufacturing 
chemists  may  be  used  in  some  cases  for  work  requiring  0.01  per 
cent  accuracy  (providing  there  is  no  striation  and  no  appreciable 
volume  effect) ,  but,  in  general,  this  is  not  the  case  and  it  can  not 
be  depended  upon  to  be  suflSiciently  good  for  the  most  precise  work. 
The  means  used  to  further  purify  it  are  somewhat  dependent  on 
the  nature  and  amount  of  impurities  that  it  contains.  In  most 
cases  a  preliminary  fusion  of  the  crystals  (slightly  acidified  with 
HNOj)  serves  to  oxidize  the  organic  impurities.  Colloidal  silver 
and  some  other  impurities  appear  to  collect  at  the  surface  and 
may  be  partially  removed  after  the  salt  has  solidified  by  washing 
the  surface  or  by  filtration.  If  the  salt  is  now  pearl  white,  one 
recrystallization  from  acid  solution  and  fusion  (care  being  taken 
not  to  overheat  the  salt  and  thereby  expel  the  last  trace  of  add) 
will  usually  complete  the  purification.  Some  of  the  mother  liquor 
should  always  be  tested  for  turbidity  by  greatly  diluting  it  with 
distilled  water,  since  chlorides,  sulphides,  aiid  some  other  sub- 
stances which  are,  relatively  speaking,  soluble,  in  concentrated 
silver  nitrate  might  otherwise  escape  detection.  Before  making  up 
the  electrolyte  the  surface  of  the  fused  cake  should  be  again  washed. 
The  fusions  may  be  made  in  a  platinum  dish,  which  should  be 
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lifted  out  of  the  fumaoe  as  soon  as  the  last  trace  of  solid  salt  has 
melted. 

7.  When  a  porous-cup  voltameter  is  used,  the  cathode  chamber 
is  that  space  occupied  by  the  electrol3rte  outside  of  the  porous  cup. 
When  a  nonseptum  voltameter  (Smitii's  form)  is  used,  the  cathode 
chamber  means  the  space  outside  of  the  glass  parts  when  the  latter 
are  closed,  as  before  or  after  an  experiment. 

8.  The  concentration  in  the  electrolyte  in  contact  with  the  cath- 
ode is  much  reduced  during  the  deposit.  If  the  electrol]rte  be- 
comes too  impoverished  at  the  cathode,  the  fall  of  potential  at  the 
cathode  may  be  increased  sufficiently  to  Uberate  hydrogen,  and  a 
slimy  deposit  of  silver  is  then  obtained  which  does  not  accurately 
represent  the  quantity  of  electricity  that  has  passed  through  the 
voltameter  as  computed  from  the  electrochemical  equivalent  of 
silver  and  can  not  be  accurately  weighed.  The  electrolyte  may 
become  turbid,  due  to  finely  divided  silver  in  suspension. 

9.  The  iodeosin  (10  mg  per  liter)  is  dissolved  in  ether  and  kept 
over  a  layer  of  water.  Before  adding  2  cc  of  the  ether  solution  of 
the  indicator  to  10  cc  of  the  AgNO,  solution  the  Ag  must  be  pre- 
cipitated as  AgCl  by  neutral  KCl  and  filtered  off.  The  acid  or 
base  that  the  filtrate  contains  is  .then  determined  by  titration, 
using  N/iooo,  HaSO^,  or  NaOH  as  required.  This  test  is  described 
in  volume  9,  page  526.  The  methyl-red  indicator  is  a  0.2  per  cent 
solution  of  methyl  red  in  alcohol.  One  drop  or  two,  at  the  most, 
is  added  to  the  filtrate  and  the  titration  made  as  described  above. 

10.  When  the  base  (AgOH)  has  been  produced  by  overfusion  of 
silver  nitrate  or  by  the  addition  of  other  hydroxides,  it  is  usually 
in  the  colloidal  state  and  will  slightly  increase  the  weight  of  the 
deposit  Add  in  ptue  electrolyte  tends  to  decrease  the  deposit 
slightly;  i  part  of  add  in  i  000  000  parts  of  dectrol3rte  produces 
about  4K  parts  in  i  000  000  difference  in  deposit  on  the  average. 
Above  lo  parts  of  add  in  i  000  000  the  effect  is  proportionally 
slightly  less. 

1 1 .  Filter  paper  at  first  renders  the  AgNOg  solution  basic,  owing 
to  the  basic  reaction  of  the  oxycdlulose  and  cdlulose  hydrates,  but 
later,  owing  to  the  reducing  action  on  the  AgNO,,  the  solution 
becomes  add.  Raw  silk  when  first  used  acts  similarly  to  filter 
paper,  but  later  yidds  a  small  amount  of  add,  which  renders  the 
AgNO,  solution  slightly  add  without  the  predpitation  of  silver. 
This  is  f tirther  explained  in  the  Report  of  the  International  Tech- 
nical Committee,  page  1 74. 
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12.  Platimim  is  preferable  to  gold  because  it  is  more  durable. 
There  appears  to  be  no  difference  in  weight  between  dqxisits  made 
on  gold  and  platinum, 

13.  The  errors  due  to  manipulation  increase  where  sizes  larger 
or  smaller  than  these  limits  are  used.  The  provisional  specifica- 
tions of  the  London  conference  provide  that  the  current  density 
at  the  cathode  shall  not  exceed  1/50  ampere  per  square  centimeter. 
It  seems  best,  now,  that  this  should  be  changed  to  i/ioo  ampere 
per  square  centimeter,  particularly  if  the  concentration  of  electro- 
l3rte  is  10  g  of  salt  in  100  cc  of  solution. 

14.  This  is  most  conveniently  done  by  allowing  a  small  current 
to  flow  through  the  voltameter  overnight  or  until  the  silver  has  all 
been  removed. 

;5.  More  ianode  sUme  is  formed  on  bare  silver  anodes  than  on 
those  coated  with  electroljrtic  silver.  In  voltameters  without 
septum  this  may  cause  trouble  if  the  slime  escapes  from  the  glass 
trap  arranged  to  confine  it. 

16.  This  is  conveniently  done  when  a  previous  deposit  is  being 
removed  from  the  cathode  bowl,  using  a  relatively  small  current. 
Before  use  the  anode  should  be  heated  to  200^  or  mote  to  escpel 
any  add  that  may  have  come  from  the  solution. 

1 7.  The  trouble  with  anode  sUme  is  greatly  reduced  by  increasing 
the  size  of  the  anode.  The  provisional  specifications  of  the  London 
conference  provide  that  the  current  density  shall  not  exceed  1/5 
ampere  per  square  centimeter.  This  is  allowable,  but  it  is  better 
to  have  the  current  density  much  smaller.  Electrolytic  silver 
increases  the  active  area  of  the  anode  considerably  over  what  the 
same  anode  would  have  if  bare. 

18.  Before  starting  the  current  through  the  voltameters,  it  is 
desirable  to  estimate  as  nearly  as  possible  the  resistance  of  the 
voltameters,  and  adjust  the  total  resistance  so  that  the  current 
will  start  at  its  correct  value  as  closely  as  possible.  It  is  essential 
to  have  means  of  quickly  adjusting  the  cturent  to  the  precise  value, 
and  also  a  convenient  adjustment  to  counterbalance  the  drift  or 
fluctuations  in  the  current  during  the  progress  of  the  experiment. 

19.  Any  loose  silver  drawn  off  in  the  electrol3rte  or  wash  waters 
should  be  carefully  saved  and  added  to  the  bowl  before  weighing 
the  deposit. 

20.  The  deposits  should  be  washed  only  with  pure  distilled 
water,  which  should  be  tested  occasionally  for  AgNO,  with  KBr 
as  it  is  drawn  off.     By  this  means  i  or  2  parts  in  100  000  of  the 
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silver  salt  can  easily  be  detected.  A  more  sensitive  method,  how- 
ever, is  io  make  conductivity  measm-ements  of  the  water  after 
drawing  it  off  for  comparison  with  its  initial  conductivity.  Several 
wash  waters  should  be  used  after  no  AgNO,  can  be  detected  by  KBr 
in  the  liquid  drawn  off.  The  washing,  which  are  usually  five  to 
seven  in  number  for  each  cathode,  should  be  done  without  delay. 
It  is  not  advisable  to  soak  the  deposits  in  water  overnight.  When 
washing  the  bare  platinum  bowl  preparatory  to  an  experiment, 
adds  and  alkalies  may  be  used.  After  the  bowl  has  been  prepared 
for  weighing  preliminary  to  the  deposit,  it  should  not  be  touched 
with  the  bare  hand  until  the  whole  experiment  has  been  completed. 

21.  In  making  the  weighings,  care  must  be  exercised  to  protect 
the  bowls  and  balance  from  even  very  slight  changes  in  tempera- 
ture. The  bowls  shotdd  bein  perfect  equilibrium  with  the  temper- 
ature and  humidity  of  the  balance  case. 

22.  The  weight  of  silver  (corrected  to  vacuo)  is  expressed  in 
milligrams. 

23.  The  resistance  of  the  standard  across  the  terminals  of  which 
the  drop  is  potential  is  made  equal  to  the  voltage  of  the  cell  to  be 
measured,  is  expressed  in  international  ohms. 

24.  The  time  is  expressed  in  mean  solar  seconds  and  should  be 
recorded  on  a  chronograph.  The  timing  circuit  should  not  be 
electrically  connected  to  the  voltameter  circuit,  owing  to  the 
possibility  of  leakage  currents  affecting  the  mass  of  silver  deposited. 

25.  This  is  according  to  the  decision  of  the  London  conference. 

,    -^    .    weight  of  deposit  X  resistance 

20.  trmi  — 5 r7~r5 

I.I  1800  X  time 

27.  The  function  of  a  septum  between  the  anode  and  cathode 
is  to  prevent  the  slime  formed  on  the  anode  during  electrolysis 
from  reaching  the  cathode.  A  porous  cup  of  pukal  ware  is  useful 
for  this  pturpose,  when  it  is  properly  prepared.  If  no  septum  is 
used,  a  suitable  and  efficient  glass  trap  to  catch  the  slime  must  be 
provided. 

28.  This  occurs  when  filter  paper,  silk,  blotting  paper,  and 
similar  substances  are  used. 

.  29.  These  effects  are  also  produced  by  the  materials  mentioned 
above  (28)  and  by  the  porous  cup  if  not  properly  prepared.  The 
free  alkali  of  the  porous  material  should  be  eliminated  by  filtering 
dilute  HNO,  and  water  through  the  pores,  followed  by  several 
portions  of  the  best  AgNOs-    The  pores  should  be  completely 
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filled  with  electrol3rte  before  use.  Between  experiments  the  cups 
should  be  kept  immersed  in  the  best  electrolyte.  The  porous 
cups  become  stained  with  use,  but  this  does  not  seriously  affect 
the  results  obtamed  with  them.  They  may  be  whitened  by 
filtering  strong  (not  concentrated)  HNO,  through  the  pores, 
which,  however,  must  be  completely  washed  out  with  water 
before  saturating  the  pores  with  the  neutral  AgNOt  preparatory 
to  use  in  the  voltameter.  Satisfactory  cups  for  the  purpose  are 
made  of  pukal  ware,  and  are  about  60  mm  high,  35  mm  diameter, 
and  I  mm  thick,  as  manufactured  by  the  Kdniglich  Porzellan 
Manufaktur  in  Berlin  and  by  John  Maddock,  Trenton,  N.  J. 

30.  The  resistance  of  the  septtun  should  preferably  not  exceed 
2  ohms. 

Washington,  April  5,  1916. 


APPENDIXES 


Anendiz  A.— BIBUOGRAPHT  OF   THE   SILVER   YOLTAMBTBR   WUH   A 

FBW  PAPERS  ON  CLOSELY  ALLIED  SUBJECTS 

During  the  progress  of  the  Bureau's  work  on  the  silver  voltam- 
eter a  considerable  file  of  referen;ces  to  papers  bearing  on  the  vol- 
tameter has  been  accumulated.  Prom  this  file  the  following  bibli- 
ography has  been  compiled.  Although  a  munber  of  previous 
papers  on  the  silver  voltameter  have  contained  reviews  of  the 
literature,  we  have  not  fotmd  in  any  of  these  as  complete  a  list 
as  we  append  below.  We  believe  that  it  contains  all  of  the  prin- 
cipal papers  dealing  with  the  silver  voltameter.  In  addition,  we 
have  included  a  number  of  papers  in  which  the  silver  voltameter 
was  used  for  measuring  the  electric  current  in  the  course  of  inves- 
tigations on  other  subjects.  We  have  also  included  a  few  papers 
not  deaUng  specifically  with  the  silver  voltameter,  but  on  closely 
allied  topics.  Such  papers  are  on  the  following  subjects:  Various 
forms  in  which  silver  is  deposited,  properties  of  silver-nitrate 
solutions;  the  formation  of  silver  peroxynitrate;  the  ratio  of  the 
atomic  weights  of  silver  and  iodme;  the  validity  of  Faraday's 
laws;  the  definition  of  the  fundamental  electrical  units;  and  a  few 
papers  of  historical  interest  dealing  with  the  beginnings  of  volta- 
metric  measurements. 

The  papers  are  arranged  alphabetically,  according  to  the  name 
of  the  author.  We  have  indicated  the  title  or  subject  of  the 
paper  in  English,  but  we  have  not  given  the  exact  title  in  every 
case.  This  is  because  references  to  reports  of  institutions,  etc. ,  are 
usually  to  paragraphs  without  formal  titles,  or,  on  the  contrary, 
some  papers  have  titles  that  are  excessively  long,  while  in  still 
other  cases  the  title  does  not  convey  an  idea  of  oiu:  particular 
interest  in  the  paper.  In  general,  however,  we  have  given  the 
exact  title.  The  references  are  given  with  the  usual  abbreviations, 
and  we  think  they  will  readily  be  tmderstood  without  the  neces- 
sity of  listing  the  full  names  of  the  journals  as  a  key  to  the  abbre- 
viations. We  have  not  included  any  references  to  the  voltameter 
from  compendiums  of  ph3rsics  (except  one  case  of  historical 
interest),  encyclopedias,  handbooks  of  engineering,  or  textbooks. 
It  is  rather  surprising,  however,  to  find  how  crude  and  inaccurate 
many  of  these  descriptions  are.  In  the  index  of  the  last  edition 
of  one  of  the  largest  and  best-known  encyclopedias  it  is  surprising 
to  read  "Voltameter,  see  Voltmeter." 
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Appeodiz  B.--BRRATA  TO  OUR  PRECEDmG  PAFBRS 

Some  few  errors  in  our  previous  papers  have  come  to  our  atten- 
tion. None  of  these  are  serious  so  far  as  the  reading  of  the  papers 
is  concerned  except  the  two  errors  in  designating  the  curves  in 
Pigs.  I  and  3  of  the  paper  entitled  ''Studies  on  the  silver  vol- 
tameter "  as  published  in  the  Journal  of  Physical  Chemistry.  In 
these  two  cases  the  manuscript  as  it  left  the  authors'  hands  was 
correct.  The  changes  that  caused  these  errors  were  made  without 
the  knowledge  of  the  authors. 

Except  for  these  corrections  and  a  few  mistakes  in  the  footnotes 
it  would  be  tmnecessary  to  publish  these  errata  so  far  as  the  other 
corrections  are  concerned. 
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Change 


Footnote  6,  faistead  of  vohime  '*140^  read  ''149.'* 

Footnotea  13, 14, 15,  instead  at  "Ann.  d.  Ploa."  read 

•*Wied.  Ann." 
Footnote  22,  instead  ol  pace  "631"  read  "630." 
Footnote  29,  inatead  of  vofauM  "8"  read  "7,  p.  257." 
Una  19,  the  data  far  thia  aiperiment  were  accident" 
allvomittedfiomtliaaeoondpaper.  Itiaaalollowas 
FeD.12,1910.  Two  cope  containing  ailverdeposHa 
were  filled  with  electro^Fte  and  aflowed  to  atand 
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uanaL   Newly  preparMl  electrolyte  which  had  been 
*  contaminated  with  Alter  paper  waa  put  in  cop  If  o. 
125  and  the  deposit  in  this  cop  appeared  to  gain  0J19 
mg.   The  electrolyte  put  In  cop  no.  126  waa  dear 
anode  liquid  taken  from  inaide  ol  aevecal  porooa 
cupa  alter  an  ordinary  expniment.   Thedepoeltln 
thn  cup  i^peared  to  loee  0.(0  mg. 
Une  27,  instead  of  "Saowden"  read  "Snowdon." 
Footnotes  45  and  46,  hiatead  of  **BL  di."  read  "Blec- 

trodiem." 

Middle  of  the  page;  instead  of  "PogKondoifl"  read 

"Kohlrausch."    For  the  explanation  of  thia  change, 

see  page  484  of  thia  paper.   We  shall  not  attempt  to 

indicate  in  this  errata  the  many  placea  which  thia 

change  involves. 

Footnote  68«  sftor  ^'FhU.  Trans.  A186"  hisert  '*p.  630." 

Ftotnote  70,  instead  of  **seoond  paper"  read  'third 

Mper,  page  512." 


26, 


of  "former"  read  "Istter.' 


Lhie  10,  faistead  of  "thay^  read  "the  cathodes.*' 

Lfaie  3  from  end,  histead  of  "1.018287**  read  "1.01828v." 

Footnote  9,  Instead  of  «*Blee.  ch."  read  "Blectro- 

diem." 
Une  11,  faistead  of  "1000"  read  "300.** 

Lfaie  3  from  end  of  page,  faistead  of  "1000"  read  '*300." 
Middle  of  tast  oduihn,  faistead  of  "1000"  read  "300." 

Line  3  from  bottom,  instead  d  "Frankfort"  reed 

"Frankfurt." 
Sixth  column  d  table,  take  out  "second  hsU.*' 
Footnde  6,  faisert  "10,  p.  157." 
Footnote  7,  Instead  d  "Bloc  chem"  read  "Blectro- 

diem." 
Footnote  13  applies  to  the  flrd  line  d  Nov.  15  and  nd 

to  Nov.  5. 
Second  observation  d  Feb.  20,  "large  size"  ought  to 

be  in  "medium  size." 
Footnote  15  applies  also  to  the  observations  d  Mar.  12. 
Llnel4dtext,addthefollowlng:  "Dr.vonStelnwOhr 

haa  explained  to  ua  sinee  this  wss  written  that  he 

does  nd  consider  this  form  d  voltsmeter  with  aUk 

as  a  Kohlrausch  voltamder." 
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I.  INTRODUCTION 

Although  a  considerable  ntimber  of  predpitants  have  been  pro- 
posed for  the  determination  of  aluminium,  direct  precipitation  of 
aluminium  hydroxide  by  means  of  ammonium  hydroxide,  fol- 
lowed by  ignition  to  oxide,  is  most  commonly  used,  especially  if 
no  separation  from  iron  is  desired,  in  which  latter  case  special 
methods  must  be  employed.  While  the  general  principles  involved 
in  this  determination  are  extremely  simple,  it  has  long  been  recog- 
nized that  certain  precautions  in  the  precipitation,  washing,  and 
ignition  are  necessary  if  accurate  results  are  to  be  obtained. 
While,  however,  most  of  these  details  have  been  studied  and  dis- 
cussed by  numerous  authors,  it  is  noteworthy  that  few  publica- 
tions or  textbooks  have  taken  account  of  all  the  factors.     In  the 
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present  paper  it  seems  desirable,  therefore,  to  assemble  the  various 
teeommendations  and  to  consider  their  basis  and  their  accuracy. 
No  attempt  has  been  made,  however,  to  include  a  complete 
bibliography. 

n.  GENERAL  PRINCIPLES 

In  precipitations  of  metallic  hydroxides  by  means  of  ammonia 
or  other  bases  the  process  may  be  considered  as  a  progressive 
hydrolysis,  brought  about  by  the  neutralization  of  the  acid  con- 
tinuously set  free.  In  the  case  of  such  hydroxides  as  ferric 
hydroxide,  which  are  practically  insoluble  in  bases,  it  may  be 
readily  shown  that  the  solubility  is  decreased  and  precipitation 
rendered  more  complete  by  the  addition  of  an  excess  of  the  pre- 
cipitant, thereby  increasing  the  hydroxyl  ion  concentration. 
However,  in  the  case  of  amphoteric  hydroxides,  such  as  aluminium 
hydroxide,  it  is  obviouis  that  an  excess  of  the  base  is  to  be  avoided, 
and  it  therefore  becomes  desirable  to  select  that  degree  of  alka- 
linity which  will  insure  most  nearly  complete  precipitation  and 
at  the  same  time  avoid  resolution  of  the  precipitate.  As  will  be 
shown  later,  the  study  of  the  progress  of  the  precipitation  and  the 
selection  of  the  proper  "end  point"  of  precipitation  can  readily 
be  accomplished  by  means  of  the  hydrogen  electrode,  the  con- 
ditions selected  being  subsequently  defined  by  means  of  suitable 

indicators. 

m.  HISTORICAL 

Early  recognition  of  the  fact  that  when  considerable  excess  of 
ammonia  is  used  in  the  precipitation  of  aluminium  hydroxide 
appreciable  amotmts  of  aluminium  pass  into  the  filtrate,  led  to 
the  time-honored  procedure  of  boiling  out  most  of  the  free 
ammonia.  The  latter  method,  however,  has  its  defects,  owing  to 
the  attack  of  glass  vessels  by  the  hot  ammoniacal  solution  (lead- 
ing to  contamination  of  the  precipitate  with  lime,  silica,  etc.); 
and  to  the  possible  re-solution  of  altunina,  when  through  excessive 
boiling  the  solution  becomes  slightly  acid.  Variouis  authors  have 
therefore  urged  the  use  of  a  very  slight  excess  of  ammonia  with 
only  a  short  period  of  boiling,^  especially  when  a  considerable 
amount  of  ammonium  chloride  is  present  in  the  solution.'  While 
the  beneficial  effect  of  ammonium  chloride  in  reducing  the  solu- 

^S.  L.  Penfidd  and  D.  N.  Harper,  Amer.  J.  Sci..  S8.  p.  107,  z886:  Chan.  News,  64,  pp.  90,  zos,  z886;  W.  H. 
Daudt.  J.  Ind.  Bng.  Chcm.,  7,  p.  847, 1915. 

■lialacttti  and  Durocher,  Ann.  Chfm,  Phys.  O)^  17.  P-  43Zt  1846;  J<  Hanamann,  Z.  anaL  Chem..  t,  p.  367, 
X864:  C.  P.  Cross.  Chem.  News.  89,  p.  i6x,  1879:  I**  Bium,  Z.  anal.  Chcm.,  27,  p.  19,  z888:  G.  Lunce,  Z.  ancevr. 
Chem.,  p.  634,  z889' 
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bility  of  aluminium  hydroxide  in  ammonia  has  been  pointed  out 
by  ntunerous  authors  and  has  formed  a  basis  for  the  procedures 
recommended  in  most  textbooks,  few  attempts  have  been  made  to 
explain  this  effect,  which  in  some  cases  has  been  attributed  to  the 
coagulation  of  the  colloidal  aluminium  hydroxide  by  the  salt.* 
While  tmdoubtedly  this  is  an  important  function  of  the  ammonium 
chloride,  it  will  be  shown  later  that  the  reduction  of  the  alkalinity 
(hydroxyl  ion  concentration)  of  ammonia  by  the  presence  of 
ammonitmi  chloride  also  exerts  a  marked  influence  upon  th^ 
amotmt  of  aluminium  hydroxide  held  in  solution. 

Recognition  of  the  errors  attendant  upon  precipitation  of  alu- 
minium with  ammonia  has  led  to  the  recommendation  of  other 
precipitants  by  means  of  which  the  TnayiTnnm  alkalinity  of  the 
solution  is  restricted;  for  example,  ammonium  stdphide,  ammo- 
nium carbonate,  sodium  bicarbonate,  ammonium  nitrite,  phe- 
nylhydrazine,  and  a  mixttu-e  of  potassium  iodide  and  iodate. 
While  for  special  cases — ^for  example,  the  separation  of  aluminium 
from  iron — one  or  more  of  the  above  methods  may  have  special 
advantages,  it  may  be  shown  that  for  general  purposes  their  use 
is  in  no  way  preferable  to  that  of  ammonia  under  proper  condi- 
tions, and  that  in  most  cases  they  present  practical  disadvantages. 

While  numerous  authors  recommend  the  customary  method  of 
using  an  indicator  such  as  litmus  paper  to  detect  roughly  the 
presence  of  an  excess  of  ammonia,  few,  if  any,  have  suggested  the 
accurate  definition  of  the  desired  alkalinity  by  means  of  suitable 
indicators.  Hinrichsen  used  rosolic  acid  in  a  study  of  the  effect 
of  fluorine  ^  upon  the  precipitation  of  aluminitun  hydroxide  by 
ammonia,  but  gives  no  experimental  or  theoretical  basis  for  its 
selection.  Numerous  authors,  in  efforts  to  develop  methods  for 
the  volumetric  determination  of  aluminium,  or  for  testing  the 
neutrality  of  aluminium  salts,  have  used  various  indicators  for 
determining  the  beginning  and  completion  of  the  precipitation  of 
aluminium  hydroxide;  but  few,  if  any,  have  shown  that  complete 
precipitation  actually  occurs  at  the  color  change  selected. 

*  A.  Claaseii.  QtumtitatiTe  Analysis,  p.  145,  sixth  Ger.  edition;  19x2. 

*Zt8.  anorg.  Chem.  68:  p.  88;  igo8.    In  this  paipcx  Hinrichsen  showied  that  fluorine  may  liinder  or  co* 
ttrdy  prevent  the  precipitation  of  aluminium  hydroxide  by  ammonia. 
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IV.  PRECIPITATION  OF  ALUMUnUM  HTPROXIDB 
1.  HYDROGEN  BLECTROBE  STUDIES 

(a)  The  Method. — ^The  application  of  the  hydrogen  electrode 
to  a  study  of  the  changes  taking  place  in  solution  during  precipi- 
tations was  suggested  in  a  paper  on  the  determination  of  magnesia 
in  limestone, '  and  was  elaborated  in  an  article  by  J.  H.  Hilde- 
brand/  in  which  are  given  numerous  curves  for  such  precipita- 
tions, including  the  action  of  soditmi  hydoxide  upon  aluminium 
sulphate.  The  principle  of  the  method  is  very  simple,  involving 
the  measurement  of  the  electromotive  force  of  a  cell  consisting 
of  a  calomel  half  cell  and  a  hydrogen  electrode  immersed  in  the 
solution  to  be  investigated.  The  hydrogen  ion  concentration  of 
the  solution  may  then  be  calculated  from  the  formula 

^^^[IF]       0.058 

where  v  is  the  observed  emf  in  volts  at  25**  C. 

(6)  Apparatus  and  Solutions  Empwybd. — ^The  apparatus  and 
method  of  measurement  were  essentially  those  used  by  Hilde- 
brand  and  Hamed.  The  solution  to  be  titrated  was  maintained 
at  about  25^  in  a  beaker  which  was  closed  with  a  rubber  stopper 
having  suitable  perforations  for  (a)  the  hydrogen  electrode,  (6) 
the  connection  with  a  cell  containing  saturated  potassium-chloride 
solution  (used  to  eliminate  the  contact  potential) ,  which  cell  was 
in  turn  connected  with  a  calomel  half  cell  in  o.i  N  potassium- 
chloride  solution,  (c)  the  tip  of  the  burette,  and  (d)  an  exit  tube 
for  the  hydrogen.  By  this  arrangement  carbon  dioxide  was  con- 
veniently expelled  from  the  original  solution  by  means  of  a  current 
of  hydrogen  and  was  excluded  during  the  titration.  The  emf 
readings  were  made  at  about  lo-minute  intervals  by  means  of  a 
millivoltmeter  and  capillary  electrometer.  The  readings  usually 
became  constant  to  i  or  2  millivolts  within  20  minutes. 

The  aluminium-chloride  solution,  prepared  from  reoystallized 
altuninitun  chloride,  was  about  dedmolar  (for  AICI3)  and  con- 
tained a  small  amount  of  free  hydrochloric  acid.  The  sodium 
and  potassium  hydroxide  solutions,  prepared  from  the  metals 
with  exclusion  of  carbon  dioxide,  were  about  fifth  normal. 
Fifth  normal  ammonium  hydroxide  was  prepared  by  dilution  of  a 
sample  of  "C.  P."  ammonium  hydroxide,  ftimished  in  a  ceresin 

*  J.  H.  HUdebrand  and  H.  S.  Harned.  Grig.  Ccm..  Biffhtfa  Intern.  Gong.  ApfkL  Chem.,  1»  p.  nj;  19x9. 

*  Joar.  Am.  Chcm.  80c.,  tk,  p.  864'  Z9Z3* 
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bottle,  and  which  by  evaporation  (of  100  cc)  was  found  to  contain 
a  very  small  amount  of  organic  matter,  but  no  detectable  amotmt 
of  nonvolatile  material. 

(c)  Results  of  Hydrogen  Electrode  Experiments. — ^The 
data  obtained  by  measurement  of  the  changes  in  hydrogen  ion 


15  ZO  Z5 

c«       Alkaii     — » 
Fio.  z. — Precipitation  cf  aluminium  hydroxide 

concentration  occturing  upon  addition  of  alkaline  hydroxides  to 
solutions  of  aluminitun  chloride  are  shown  graphicsdly  in  Fig.  i. 
The  abscissas  represent  cubic  centimeters  of  alkaline  hydroxide 
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added,  and  the  ordinates  on  the  left  are  the  observed  emf  values 
expressed  m  millivolts.  On  the  right  side  the  value  of  the 
ordinates  is  expressed  in  terms  of  hydrogen  ion  concentration, 
calculated  as  previously  stated.  Curves  A,  B,  and  C  are  the 
same  as  were  published  in  a  preceding  article  by  the  author^  on 
the  constitution  of  aluminates.  The  curve  A  for  the  neutraliza- 
tion of  hydrochloric  acid  with  sodium  hydroxide  is  shown  simply 
to  indicate  the  normal  course  of  such  a  reaction  in  the  absence  of 
any  metals  precipitable  as  hydroxides.  While  curves  B  and  C 
are  chiefly  of  interest  in  relation  to  the  formation  of  aluminates, 
they  are  included  here  in  order  to  show  the  similarity  in  the 
course  of  the  precipitations  with  fixed  alkalies  and  with  ammonia. 
The  curve  DE  shows  the  progress  of  the  reaction  when  ammo- 
nium hydroxide  is  added  to  a  solution  of  aluminium  chloride  con- 
taining a  small  amount  of  free  acid.  In  order  to  eliminate  the 
influence  of  ammonium  chloride  (to  which  reference  will  be  made 
later)  the  curve  DF  was  plotted,  in  which  the  portion  F  was 
obtained  by  the  addition  of  ammonium  hydroxide  to  a  solution, 
in  which  the  aluminium  hydroxide  had  been  exactly  precipitated 
by  the  addition  of  a  calculated  amount  of  potassium  hydroxide. 
While  the  curve  F  should  strictly,  therefore,  be  attached  to  curve 
C  it  has  been  placed  in  its  present  position  in  order  to  emphasize 
the  comparsion  between  the  effect  of  ammonium  hydroxide  with 
and  without  the  presence  of  ammonium  chloride.  The  curves  E 
and  F  may  contain  slight  errors  arising  from  small  losses  of 
ammonia  dtuing  the  passage  of  the  hydrogen.  Their  approxi- 
mate shape  and  position  is,  however,  clearly  indicated. 

{d)  CONCI<USIONS  FROM  HYDROGEN  £l<ECrRODE  EXPERIBiENTS. — 

From  the  curves  shown  in  Fig.  i  it  is  evident  that  the  changes 
taking  place  during  the  precipitation  of  aluminium  chloride  are 
practically  independent  of  the  alkali  used.  In  general,  it  may  be 
seen  that  precipitation*  begins  when  [H"*"]  is  about  lo"*  and  is 
complete  before  [H"*"]  is  lo"^.  In  the  case  of  the  fixed  alkalies  it 
was  pointed  out  in  a  former  paper  that  appreciable  re-solution  of 


T  W.  Bhnn,  J.  Am.  Chan.  Soc.,  86,  p.  1499;  19x3. 
I  •  By  "predpitatJoo  "  in  this  sense  is  meant  the  chemical  formation  of  Al  (OH)i,  wliidi  (cspedally  in  the 

absence  of  salts)  may  not  actually  coagulate  or  form  a  visible  precipitate  until  from  one^thlrd  to  onejialf  of 
the  alkali  required  for  romplcfe  precipitation  has  been  added.  The  point  at  whidi  a  visible  precipitate 
occurred  in  the  different  experiments  was  found  to  be  very  variable.  The  formatioa  of  such  regular  cnrvcs 
as  are  shown*  however,  indicates  the  improbability  of  the  existence  in  sohition  of  any  definite  basic  salts 
audi  as  have  been  supposed  to  be  formed  by  solution  of  freshly  precipitated  ahmiininmhydraadde  in  neutral 
aluminium  chloride  or  sulphate  solutions.  Consult  H.  W.  Fisdier,  Habilitationsscfarift,  Breslau.  2908, 
Chem.  Zcntr.,  I.  p.  360. 1909;  R.  Elremann  and  K.  Httttinger,  Jahr.  K.  K.  GeoL  Brifhsan,  98,  p.  6si,  1909 
Chem.  2«entr.,  II,  p.  laoo,  1909. 
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the  precipitate,  probably  with  the  formation  of  altuninates,  occurs 
soon  after  the  neutral  point  is  passed;  for  example,  when  [H+]  is 
less  than  io~^  When  ammonium  hydroxide  is  used  as  the  pre- 
cipitant, it  may  be  seen  from  the  curve  DE  that  it  is  difficult  to 
obtain  a  solution  in  which  [H"*"]  is  less  than  io"«,  even  when  appre- 
ciable excess  of  ammonia  is  present.  While,  therefore,  as  is  to  be 
expected,  it  is  not  possible  by  this  method  to  obtain  complete 
solution  in  ammonia  of  any  considerable  quantity  of  aluminium 
hydroxide,  an  appreciable  amount  was  always  found  dissolved  •  in 
any  solutions  in  which  [H"*"]  is  less  than  lo"". 

The  effect  of  even  small  amotmts  of  ammonium  chloride  in 
reducing  the  alkalinity  of  ammonitun  hydroxide  is  clearly  shown 
by  comparison  of  the  curves  E  and  F,  there  being  present  no 
ammoniiun  chloride  in  F,  and  in  E  only  the  amount  equivalent  to 
about  37  cc  of  0.2  N  NH^OH;  that  is,  the  solution  at  the  end  was 
about  0.08  N  in  NH^Cl.  This  effect  of  ammonium  chloride  is 
also  illustrated  in  Fig.  2,  in  which  the  hydrogen  ion  concentration 
of  various  ammonia-ammonium  chloride  solutions  has  been  cal- 
culated from  the  ionization  constant  of  ammonia  at  25®  *® 

rNH/][OH-]__ 
[NH,0H3      -^-^^^^ 

and  that  of  water  K^  =»  i  .1  X 10-** 

upon  the  assumption  that  the  mass  law  holds  for  such  solutions. 
For  the  sake  of  simplicity  the  ionization  of  ammonium  chloride, 
which  in  solutions  from  N  too.i  N  varies  from  75  to  85  per  cent " 
has  been  taken  as  80  per  cent.  For  convenience  the  results  have 
been  expressed  in  cc  of  iV  ammonitun  hydroxide  present  in  a  vol- 
ume of  100  cc  of  ammonitun-chloride  solutions  of  various  concen- 
tration. 

*  Existenct  ofAmmonmm  AluminaU. — In  a  i>revious  communication  the  evidence  in  favor  of  the  forma- 
tion in  sohition  of  definite  aluminates  of  sodium  and  potassium  was  presented.  While  no  sudi  definite 
evidence  of  the  existence  of  ammonium  ahmitnate  is  available,  owing  to  the  atwve-mentioned  impossi- 
bifit7  of  securing  ammonia  solations  of  high  alkalinity,  there  teems  to  be  no  reason  to  doubt  the  analogy 
of  the  solutions  in  ammonia  and  the  fixed  alkalies.  In  this  connection  it  is  interesting  to  consider  the  evi- 
dence presented  by  C.  Reus  (Ber.,  t6,  m,  p.  9751 ;  1903).  This  author  dismissrs  the  possibility  of  the  esist- 
enoe  of  an  ammonium  aluminate,  even  though  by  an  indirect  method,  viz,  solution  of  Al(OH)t  in  Ba(OH)t 
and  subsequent  addition  oi  (NH4)iS04,  he  was  able  to  obtain  a  dear  solution  free  from  Ba'i-+  and  SO;,  50 
ecof  which  contained  o.xgA]iOi.  The  &K:t,  observed  by  Renz,  that  freshly  precipitated  Al(OH)t  Is  readQy 
soluble  in  organic  amines,  far  from  being  an  argument  against  the  existence  in  solution,  oi  ammonium 
aluminate,  would  appear  to  indicate  that  by  the  solution  of  aluminium  hydrcodde  in  any  base  aluminates 
are  f<»med,  the  maximum  concentration  being  dependent  upon  the  alkalinity  of  the  resultant  wohUdoa 
and  its  consequent  ability  to  repress  the  hydrolysis  of  the  aluminate. 

^  A.  A.  Noycs  and  R.  B.  Sosman,  Blectrical  conductivity  of  aqueous  solutions.  Cam.  Inst.  Pub.,  6tt 
p.  398;  X908. 

u  F.  W.  G.  Eohlrausdi  and  L.  Hiolbom,  I«ditvermfigen  der  Blektrolyte,  p.  159;  X898. 
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From  Fig.  2  it  is  evident  that  (i)  even  small  additions  of  ammo- 
nium chloride  cause  a  marked  decrease  in  the  alkalinity  of  ammo- 
nium hydroxide  solutions;  (2)  above  0.5  N  an  increase  in  the  con- 
centration of  ammonium  chloride  has  little  ejffect;  and  (3)  with  any 
reasonable  concentration  of  ammonium  chloride,  it  is  impracticable 


cc  NormU    UH^OH    per  100  cc. 
Fio.  9. — Effsct  of  ammonium  chloride  upon  the  alkalinity  of  ammonium  hydroxide 

to  so  limit  the  alkalinity  that  a  solution  in  which  [H*^]  is  less  than 
lo""'  (that  is,  one  which  dissolves  appreciable  Al  (OH)  J  is  not 
formed  when  any  large  excess  (for  example,  5  cc)  of  concentrated 
ammonia  is  added.  (It  should  be  noted  that  50  cc  iV^  NH^OH 
about  equals  3.3  cc  cone.  NH4OH,  sp.  gr.  0.90.) 

2.  SBLBCXION  OF  AN  IHDICATOR  FOR  BEFHONO  THB  COHDITIONS  OF 

PRBCIPITATION 

If,  as  previously  shown,  precipitation  of  aluminum  hydroxide 
by  ammonia  is  complete  before  [H+]  is  io~^,  and  its  re-solution  is 
appreciable  when  [H+]  is  lo"',  it  is  desirable  to  obtain  some  indi* 
cator  which  will  change  color  when  [H+]  is  about  10"*.  Experi- 
ments were  therefore  conducted  with  a  few  common  indicators 
showing  marked  color  changes  near  this  point,  viz,  para-nitro- 
phenol,  methyl  red,  rosolic  acid,  and  phenolphthalein.  Litmus 
was  not  included  because  of  its  gradual  color  change.  In  each 
case  the  solution  of  the  aluminium  chloride  and  indicator  con* 
tained  in  a  platintun  dish  was  heated  just  to  boiling,  and  pure 
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ammonium  hydroxide  (about  2  N)  was  added  carefully  until  the 
first  definite  color  change  occurred.  The  solution  was  then  boiled 
for  about  two  minutes  to  coagulate  the  precipitate  and  filtered  into 
a  platinum  dish  in  which  the  filtrate  was  evaporated  to  dryness. 
After  the  careful  expulsion  of  most  of  the  ammonitun  salts,  the 
residue  in  the  dish  was  digested  with  concentrated  hydrochloric 
add  and  the  solution  and  any  tmdissolved  residue  were  transferred 
to  a  weighed  platinum  crucible.  After  evaporation  the  residue  was 
ignited  and  weighed.  Correction  was  made  for  the  residue  obtained 
upon  similar  evaporation  of  the  distilled  water  (about  0.0002  g  for 
200  cc)  and  for  the  nonvolatile  matter  contained  in  the  added 
ammonium  chloride  (0.0002  g  in  5  g).  Since  these  corrections 
were  of  the  same  order  of  magnitude  as  most  of  the  residues 
obtained,  any  of  the  latter  less  than  0.0002  g  may  be  considered 
negligible.    The  results  obtained  are  shown  in  Table  i. 

TABLE  1 

■ 

PMc^itatioa  of  Al(OH),  by  NH^OH  Uiliig  Varioua  Indicatan 

[AlCb  foltttioa  equivBlent  to  e.io  z  AhOi,  precipitated  in  a  ▼oluxne  of  mo  oc] 


snant 


1 
2 
S 

4 
5 
6 
7 
8 
9 
10 
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Colar 
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MaOiiInd 
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do 

TtoaaUc  add...... 

da 

da. 

da 


lO-i 

10-i 

10-M 

10-M 
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10-T4 

10-14 

10-T4 

10-* 

10-1 


xrH«ci 

s 


0 
5 


AliOsin 
flUnta 

S 


0.0010 
.0012 
^fpfadabla. 
.0001 
.0000 
.0000 
.0000 
..0002 
.0004 
.0004 


•The  approodmata  points  of  color  change  selected  were  measured  with  the  hydrogen  electrode  at  room 
temperature. 

From  Table  i  it  is  evident  that  considerable  aluminium  hy- 
droxide remains  tmprecipitated  when  the  solution  is  just  alkaline 
to  para-nitrophenol,  while  a  smaller  amotmt,  but  still  appreciable, 
is  redissolved  when  the  solution  is  just  alkaline  to  phenolphthalein. 
So  far  as  accuracy  is  concerned,  there  is  no  choice  between  the 
use  of  methyl  red  and  of  rosolic  acid.  Practically,  however, 
methyl  red  has  been  found  preferable,  because  of  its  sharper  color 
change,  and  because  the  end  point  is  reached  while  approaching 
neutrality;  that  is,  a  slight  excess  of  ammonia  is  less  likely  to 
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catise  re-solution.  Moreover,  solutions  just  alkaline  to  methyl  red 
are  less  likely  to  attack  Jena  or  similar  glassware  than  are  solu- 
tions slightly  alkaline  to  rosolic  add.  In  using  methyl  red,  how- 
ever, it  is  essential  to  have  appreciable  ammonitun  chloride  present 
to  facilitate  coagulation.  The  fact  that  coagulation  occurs  more 
readily,  even  in  the  presence  of  only  small  amotmts  of  ammonium 
chloride,  when  the  solution  is  just  alkaline  to  rosolic  acid  (that 
is,  when  [H+]<io"'^)  wotdd  appear  to  indicate  that  the  OH-  ion 
itself  exerts  a  coagulating  effect  upon  the  colloid. 

3.  FACTORS  AFIBCTING  THB  FORM  OF  THE  PRBCIPITATB 

Obviously,  in  actual  analysis  it  is  desirable  not  only  to  effect 
complete  precipitation,  but  also  to  obtain  the  precipitate  in  a 
form  that  is  readily  filtered  and  easily  washed.  Such  conditions 
are  difScult  to  realize  with  a  precipitated  colloid,  such  as  aluminium 
hydroxide.  Nmnerous  efforts  have  been  made  to  devise  condi- 
tions that  will  accomplish  this  end.  In  general,  it  has  been  recog- 
nized that  while  short  boiling  is  desirable  to  effect  coagulation, 
longer  boiling  renders  the  precipitate  slimy  and  difficult  to  filter. 
As  previously  noted,  the  use  of  ammonitun  chloride  is  advan- 
tageous in  producing  the  well-known  salt  effect  in  the  coagulation 
of  such  a  precipitate,  as  well  as  in  reducing  the  actual  solubility. 
These  two  factors  were  the  only  ones  found  to  have  a  favorable 
influence  upon  the  method  of  precipitation.  The  conclusion  of 
W.  E.  Taylor,"  that  if  the  solution  be  heated  to  just  66^  C  before 
the  addition  of  ammonia  and  subsequently  boiled  the  precipitate 
is  "granular,"  could  not  be  confirmed  by  R.  Sudgen  "  nor  by  the 
author.  The  recommendation  of  A.  Guyard  "  to  add  glycerine  to 
the  solution  before  precipitating  with  ammonia  was  tried,  and  no 
improvement  in  the  character  of  the  precipitate  was  noted,  while 
about  5  mg  of  AljOj  were  fotmd  in  the  filtrate.  Similarly,  the 
procedure  of  R.  E.  Divine,*"  viz,  precipitation  in  the  presence  of 
tannic  acid,  while  it  produced  an  appreciable  improvement  in  the 
character  of  the  precipitate,  yielded  a  filtrate  containing  from  i 
to  5  mg  of  AlaOj,  depending  upon  whether  the  solution  was  boiled 
for  some  time  or  was  filtered  after  two  minutes  boiling. 

While,  therefore,  it  seems  impossible  to  specify  satisfactory  con- 
ditions for  the  rapid  fiiltration  of  considerable  amoimts  of  alu- 

^>  Chem.  News.  106,  p.  169;  19x1.  "  Z.  anal.  Chem..  28,  p.  436;  X883. 

I'Chem.  News,  lOi.  p.  35;  19x1.  ^  J.  Soc.  Chem.  Ind.,  S4.  p.  zx;  1905. 
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miTiinTTi  hydroxide,  it  is  believed  that  for  amotints  up  to  o.  10  g 
A1,0„  the  following  conditions  will  }deld  fairly  satisfactory  results, 
viz:  (i)  The  presence  of  at  least  5  g  of  ammonium  chloride  in  a  vol- 
ume of  200  cc;  (2)  addition  of  dilute  ammonia  to  the  nearly  boiling 
solution  tmtil  it  is  just  alkaline  to  methyl  red  (or  rosoUc  acid); 
(3)  boiling  for  not  more  than  two  minutes;  and  (4)  filtration 
without  waiting  long  for  the  precipitate  to  subside.  (In  some 
cases  the  precipitate  was  found  to  settle  quite  readily;  while  in 
others  it  showed  a  tendency  to  rise  to  the  surface  and  would  not 
settle,  even  on  long  standing.)  The  addition  of  macerated  filter 
paper  before  precipitation  has  been  found  advantageous  in  aiding 
filtration  (and  also  ignition),  especially  of  large  amounts  of  the 
precipitate. 

4.  PRECIPITATION  IN  THE  PRESENCE  OF  IRON 

It  is  often  necessary  to  precipitate  ferric  and  aluminium  hy- 
droxides together.  This  can  be  accomplished  readily  by  the  pro- 
cedure above  recommended,  since  it  was  found  that  ferric  hy- 
droxide is  completely  precipitated  by  ammonia  before  the  solu- 
tion is  alkaline  to  methyl  red  or  to  rosolic  add.  In  case  sufficient 
iron  is  present  to  obscure  the  color  of  the  indicator,  it  may  be 
precipitated  first  by  the  careful  addition  of  ammonia  and  caused 
to  settle  by  short  boiling,  after  which  the  color  of  the  indicator 
can  readily  be  recognized  in  the  supernatant  liquid  and  more 
ammonia  added,  if  necessary,  or  any  large  excess  of  ammonia  may 
be  neutralized  with  dilute  acid. 

The  .writer  has  heard  of  an  opinion  (not  published  so  far  as 
known)  that  in  the  presence  of  ferric  hydroxide  the  solubility  of 
aluminium  hydroxide  in  ammonia  is  decreased  and  that  under 
such  conditions  there  is  less  need  for  care  in  the  addition  of  am- 
monia. Experiments  have  shown  that  this  conclusion  is  tmwar- 
ranted,  since  with  any  appreciable  excess  of  ammonia  considerable 
amounts  of  alumina  were  found  in  the  filtrate  even  when  large 
amounts  of  ferric  hydroxide  were  present. 

V.  WASHING  THE  PRECIPITATE 

In  spite  of  the  generally  recognized  fact  that  precipitates  such  as 
aluminium  hydroxide  readily  assume  the  colloidal  state  when 
treated  with  pure  water,  many  textbooks,  even  in  recent  editions,  rec- 
ommend the  washing  of  aluminium  hydroxide  with  hot  water.  That 
such  a  procedure  is  unsafe  is  readily  seen  from  the  fact  that  upon 
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washing  precipitates  equivalent  to  o.io  g  AljOa,  with  only  75  cc 
of  hot  water,  from  0.5  to  2  mg  of  Al,Oa  were  found  in  the  washings. 
The  obvious  remedy,  viz,  washing  with  a  solution  of  a  volatile 
ammonitun  salt,  such  as  anunonitun  chloride  or  nitrate,  has  bedi 
suggested  by  numerous  authors."  From  the  standpoint  of  the 
"salt"  action  there  appears  to  be  no  preference  between  ammo- 
nium nitrate  and  chloride.  The  former  has  been  used  most  fre- 
quently, partly  because  of  its  slight  advantage  in  assisting  com- 
bustion of  the  filter  paper  and  partly  because  of  the  opinion  still 
prevalent,  though  frequently  disproven,  that  the  presence  of  am- 
monium chloride  dtiring  ignition  would  cause  loss  of  aliunina  by 
volatilization  of  the  chloride."  .  As  pointed  out  by  W.  F.  HiUe- 
brand,"  when  the  original  solution  contains  chlorides  and  it  is 
desired  to  evaporate  the  filtrate  and  washings  in  platinum  and  to 
expel  ammonitun  salts,  it  is  tmdesirable  to  use  ammonium  nitrate 
in  the  wash  water,  owing  to  attack  of  the  platinum  vessels.  In  the 
present  research,  therefore,  a  hot  2  per  cent  solution  of  ammonium 
chloride  was  used.  In  view  of  the  fact  that,  owing  to  hydrol3rsis,  so- 
lutions of  ammonitun  chloride  and  ammonium  nitrate  are  sUghtly 
acid  to  methyl  red,  it  was  at  first  asstuned  that,  as  suggested  by 
Trautmann,"  there  would  be  an  advanta[ge  in  rendering  such  solu- 
tions slightly  alkaline  with  ammonia.  In  practice,  however,  it  was 
fotmd  that  there  was  no  appreciable  difference  in  the  amotmt  of 
altmiiha  dissolved  by  the  ''neutral"  and  the  alkaline  solutions, 
the  residues  obtained  from  100  cc  of  the  washings  being  almost 
invariably  less  than  0.3  mg.  The  use  of  solutions  of  the  pure 
salts,  with  no  addition  of  ammonia,  is  therefore  recommended, 
especially  as  solutions  rendered  alkaline  are  more  likely  to  act 
upon  the  glass  of  the  wash  bottle  and  thus  to  become  contaminated 

VI.  SEPARATION  FROM  OTHER  ELEMENTS 

• 

In  the  separation  of  altmiinitun  from  other  elements  of  the 
succeeding  groups  in  the  usual  analytical  procedtupe  by  precipi- 
tation with  ammonia,  three  soim:es  of  contamination  may  be 
encotmtered:  (i)  Adsorption  of  various  compounds  by  the  pre- 
cipitate; (2)  co-predpitation  of  hydroxides  which  require  a  con- 

u  Penfidd  and  Harper.  Amer.  J.  Sd.,  S8,  p.  xo?.  x886:  W.  Traotmuixi,  Z.  ancew.  Chem.,  M  (aufaatz), 
p.  703, 19x3;  W.  H.  Daudt,  J.  Ind.  Eng.  Chwn.,  7.  p.  847.  X9>5* 

"  It  has  been  shown  by  Daudt  (J.  Ind.  £nc.  Chem.,  7.  p.  847, 19x5)  that  1  per  cent  ammonium  chlonda 
flolotion  may  be  nsed  for  washing  precipitates  containing  ferric  hydroxide,  -^ith  no  loss  of  iron  by 
Yolatilicatibn. 

^  Bulletin  433.  United  States  Geol.  Surrey,  p.  99;  19x0. 

>*  Z.  aagew.  Chrm.,  26  (aialsatz)^  p.  70a;  19x3. 
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siderable  excess  of  ammonia  for  re-solution;  and  (3)  formation  of 
insoluble  carbonates  by  absorption  of  carbon  dioxide  from  the 
air. 

The  first  effect  is  common,  in  some  degree  at  least,  to  all  the 
elements  that  may  be  present,  the  amount  of  a  given  element 
included  in  the  precipitate  being  determined  principally  by  its 
concentration  in  the  solution,  the  character  of  the  precipitate, 
and  the  method  of  washing.  As  previously  pointed  out,  it  has 
been  fotmd  impracticable  to  precipitate  aluminium  hydroxide  in 
any  but  a  relatively  gelatinous  condition.  It  is  obvious,  there- 
fore, that  the  only  practical  method  of  eliminating  elements  such 
as  the  alkalies;  which  are  likely  to  be  present  in  considerable 
amount  in  the  solution,  is  to  dissolve  and  repredpitate.  That 
such  a  procediu-e  is  quite  efficient  may  be  judged  by  the  fact  that 
from  a  solution  containing  o.iooo  g  AljO,  and  10  g  of  sodium 
chloride  in  a  volume  of  200  cc  the  precipitate  obtained  after  a 
single  precipitation  and  washing  10  times  with  2  per  cent  ammo- 
nitun  chloride  weighed  0.1071  g  and  contained  much  NaCl.  A 
similar  precipitate  which  was  washed  only  5  times,  dissolved  in 
hydrochloric  acid,  reprecipitated,  and  again  washed  5  times 
weighed  0.1008  g  and  contained  only  a  trace  of  NaCl. 

The  elements  which  introduce  the  second  difl&culty  include 
zinc,  manganese,  nickel,  and  cobalt.  It  is  well  recognized  *•  that 
the  separation  of  altuninitun  from  such  elements  by  means  of 
ammonia  is  tmsatisfactory,  since  the  alkalinity  required  for  the 
resolution  of  their  hydroxides  is  such  as  to  cause  appreciable 
solution  of  the  aluminium  hydroxide  also.  Moreover,  it  was 
found  that  even  in  solutions  just  alkaline  to  methyl  red,  oxidation 
and  precipitation  of  manganese  occurred  so  rapidly  as  to  pre- 
clude a  quantitative  separation  from  altmiinium.  For  such  sepa- 
rations, therefore,  other  procedures — ^for  example,  the  basic  ace- 
tate method — ^must  be  employed. 

The  precipitation  conditions  above  recommended  have  been 
fotmd  especially  favorable  in  the  separation  from  those  elements 
such  as  barium,  calcium,  strontium,  and,  to  a  less  extent,  mag- 
nesium, whose  carbonates  are  likely  to  be  formed  by  absorption 
of  carbon  dioxide,  and  carried  down  by  the  precipitate.  It  has 
been  found  experimentally  that  in  solutions  containing  barium 
and  calcium,  which  are  neutral  or  even  slightly  alkaline  to  rosolic 
acid — ^that  is,  [H+]«io'^  to  lo*^-* — ^it  is   impossible  to  form  a 

>*  A.  A.  Noycs,  W.  C.  Bray,  and  £.  B.  Si>ear,  J.  Am.  Chcm.  So&«  80,  pp.  489  and  53a;  1908. 
75741^—17 2 
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precipitate  of  the  carbonates  by  exposure  to  the  atmosphere.'^ 
Alumixdtttnhydroxide  precipitates  obtained  from  solutions  con- 
taining o.iooo  g  AlaOs  and  calcitun  and  barium  chlorides  equiva- 
lent to  0.2  g  CaO  and  BaO,  respectively — ^that  is,  twice  the  amount 
of  AljOs — and  washed  5  times  with  2  per  cent  ammbniumchloride 
solution  wtighed  0.0998  and  0.0999  g,  and  were  found  to  be  free 
from  calcium  and  barium. 

The  beneficial  effect  of  amcmonium  chloride  in  the  separation  of 
aluminium  from  magnesium  has  long  been  recognized.  Formerly 
it  was  explained  by  the  formation  of  a  double  salt,  though  more 
recently  it  has  been  attributed  to  the  repression  by  the  ammonium 
chloride  of  the  alkalinity  of  the  ammonium  hydroxide  to  a  point 
insufficient  to  precipitate  the  magnesium  hydroxide.*'  The  latter 
view  is  confirmed  by  the  results  of  Hildebrand  and  Hamed,''  who 
fotmd  that  Mg  (OH),  is  not  precipitated  until  [H-**]  is  less  than 
lo-*,  and  by  the  curves  shown  in  Fig.  2  of  this  paper,  in  which  the 
above  effect  of  ammonium  chloride  is  clearly  shown.  That  the 
procedure  recommended  is  effective  in  the  separation  of  aluminium 
and  magnesium  is  shown  by  experiments  in  which  aluminium 
hydroxide  equivalent  to  o.io  g  Al^Og,  precipitated  in  the  presence 
of  magnesium  chloride  equivalent  to  0.2  g  MgO,  contained  less 
than  o.ooio  g  MgO. 

Vn.  IGOTTION  AND  WEIGHING  OF  THE  PRECIPITATE 

The  principal  questions  involved  in  the  ignition  of  the  aluminium 
hydroxide  are  (i)  the  hygroscopidty  of  the  ignited  oxide;  (2)  the 
temperature  and  length  of  time  required  for  dehydration;  and  (3) 
the  effect  of  chlorides  upon  the  ignition. 

^  This  observation  is  appronrimatrly  in  aocordanoe  with  the  result  obtained  by  calculating  the  alkalinity 
of  barium  chloride  or  calcium  diloride  soJutioos— <or  example,  o.z  ^— satoiated  with  respect  to  the  neutral 
carbonates,  in  equilibrium  with  the  normal  atmosphere.  (Ste  J.  Johnston,  J.  Am.  Chcm.  Soc.,  17*  p. 
loox;  19x5.)  Thus  the  ionization  of  o.x  N  barium-cUoride  sdution  may  be  assumed  as  70  per  cent: 
that  is.  [Ba++]  is  0.07.  Shice  at  z6'  the  solubiUty  product  [Ba++]  [COT"]  equate  7  X  zo"*,  the  [CO»-']  in  such 
a  sohitioa  is  equal  to  xo-'.    In  any  solutions  at  z6*  in  equilibrium  with  an  atmo^here  containing  COi 

with  a  partial  pressureP,  {co  — 1  *•  *•  'lOH-J"  — ^~p *    While  the  ordinary  atmosphere  contains  about 

three  parts  of  COi  in  zo  000.  the  air  in  a  laboratory  may  often  contain  five  x>arts  or  m<ne  in  zo  000.  In 
Sttdi  a  case  P-sXxo-<,  and  therefore  [OH-J-o.84Xzo-^.  If  iCwif*  -o.5Xio-««.  then  [H+J  is  about  0.6X10-^ 
or  zoT^*';  that  is,  the  solution  must  be  slightly  alkaline  before  any  BaCOi  can  be  precipitated  by  exposure  to 
air  containing  the  normal  amount  of  CDs.  From  similar  calculations  f  or  o.  z  iV  CaOi,  assuming  that  [Ca**^] 
[CO^J-o.98Xzo-«.  it  may  be  shown  that  [OH-J-z.oXzo-»;  or  IH+J-csXro-*  or  xo-^-»  before  any  CaCOi 
will  be  precipitated  upon  exposure  to  the  atmosphere.  Moreover,  sudi  carbonates  are  prone  to  fonn 
supersaturated  solutions  and  precipitation  may  not  occur  even  at  the  p<»nt8  designated. 

**  J.  M.  Loven,  Z.  anorg.  Cbem.,  11,  p.  404.  XS96;  P.  P.  Treadwell,  Z.  azMirg.  Cbenu,  t7,  p.  306, 1903;  W. 
Hen  and  G.  Muhs,  Z.  anorg.  Chem..  88,  p.  Z38,  Z904. 

*  Orig.  com.,  Bighth  intern,  cong.  Appl.  Cfacm.,  1,  p.  m  \  Z9xa> 
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1.  HYGROSCOPIOTY  OF  ALUMUnUM  OXIDE 

The  fact  that  ignited  AlaO,  readily  absorbs  water  has  been 
recognized  and  pointed  out  by  many  authors.**  This  property  has, 
in  fact,  been  made  the  basis  for  the  recommendation  of  the  use  of 
AljOg  as  a  dehydrating  agent.*  It  should  be  noted,  however,  that 
for  the  latter  use  the  AljOs  should  not  be  strongly  ignited.  Many 
of  the  experiments  that  have  been  conducted  to  determine  the 
hygroscopidty  of  such  substances  as  AljOs  have  little  bearing 
upon  anal3rtical  procedures,  since  no  distinction  was  made  between 
the  amount  of  water  absorbed  and  the  rate  of  absorption,  especi- 
ally during  the  first  few  minutes  exposure.  Tests  at  this  Bureau 
have  shown  that  in  common  with  most  substances  capable  of 
absorbing  moistm^e  (even  those  not  intrinsically  hygroscopic) 
recently  ignited  AljOj  absorbs  within  the  first  10  minutes  exposure 
to  the  atmosphere  a  large  proportion  of  the  water  which  it  will 
absorb  in  24  hours.  Since,  as  frequently  pointed  out,  the  atmos- 
phere in  an  ordinary  desiccator  which  has  recently  been  opened  is 
not  greatly  different  from  the  atmosphere  prevailing  in  the  room, 
it  is  obvious  that  the  all  too  common  practice  of  placing  in  a 
desiccator  ignited  precipitates  such  as  AI3O3  in  uncovered  cruci- 
bles, is  likely  to  lead  to  even  greater  errors  than  those  resulting 
during  the  period  required  for  rapid  weighing.  That  a  well-fitting 
cover  on  a  platinum  crucible  is  eflficient  in  preventing  absorption 
of  moisture  in  the  desiccator  or  on  the  balance  has  been  frequently 
demonstrated.  Thus,  a  crucible  containing  o.io  g  ignited  AI3O,, 
which  when  allowed  to  stand  covered  upon  the  balance  showed  no 
appreciable  change  in  weight  in  five  minutes,  gained  as  much  as 
o.ooio  g  when  uncovered  for  five  minutes.  For  any  accurate  work 
in  the  determination  of  alumina,  therefore,  and  especially  in  any 
experiments  designed  to  test  the  temperatm^e  and  period  required 
for  the  ignition  of  such  substances,  it  is  absolutely  essential  that 
the  crucible  be  well  covered  both  in  the  desiccator  and  upon  the 
balance.  

2.  TBMPERATURB  AND  TIME  OF  IGNITION 

Directions  for  the  ignition  of  altunina  *•  have  usually  prescribed 
blasting  for  periods  varying  from  10  to  30  minutes,  followed  by 
successive  short  periods  until  constant  weight  is  secured.     While 

it  is  evident  that  in  order  to  expel  the  last  traces  of  moisture  from 

'I  111 

**  C  p.  CnMS,  Cbem.  Newt,  M,  p.  z6i,  1879 ;  Hess  and  Campbell,  J.  Am.  Cbcm.  8oc.»  21,  p.  776^  1899; 
B.  T.  Allen  and  V.  H.  Gottsclialk,  Am.  Cbem.  Jour.,  84,  p.  392,  2900. 

*  F.  M.  G.  Johnson,  J.  Am.  Chem.  Soc.,  S4,  p.  9x1 ;  19x3. 

M  H.  Moissan,  Compt.  rend.,  121,  p.  8sx,  X895:  P<  H.  Walker  and  J.  B.  Wilson.  Chem.  Eng.,  16,  p.  259^ 
1919;  W.  H.  Daudt,  J.  Ind.  Eng.  Chem.,  7,  p.  847.  19x5;  and  nmnerous  textbooks. 
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such  a  precipitate,  originally  in  a  gelatinous  condition,  the  use  of 
a  high  temperature  is  desirable,  it  may  be  readily  shown  that  long 
blasting  is  not  necessary,  at  least  for  precipitates  up  to  0.2  g 
AljOs.  In  niunerous  experiments  with  o.i  g  Al^Oj  the  total  loss 
in  weight  produced  by  various  periods  of  blasting  following  the 
first  5  minutes  blasting  was  less  than  0.0002  g.  In  order  to  show 
conclusively  that  dehydration  is  complete  after  5  or  10  minutes 
blasting,  at  a  temperature  from  1100°  to  1150°  C,  a  covered  cru- 
cible, of  especially  pure  platintun,  containing  0.7  g  AI3O3,  derived 
from  three  precipitates  each  of  which  had  been  blasted  for  5  min- 
utes, was  again  blasted  for  5  minutes  and  placed  in  a  vacuum 
sulphuric  acid  desiccator,  which  was  quickly  exhausted.  After 
cooling,  the  crucible  was  quickly  weighed  against  a  tared  crucible, 
and  was  then  heated  for  three  periods  of  10  minutes  each  to  a 
temperature  of  1440°  to  1460°  in  an  electric  fumace.^^ 
The  results  of  the  experiments  were  as  follows : 

TABLB  2 
lotion  of  AI3O3 


Bmpty  cradble.. 

Indudlng  AlgOt  (prevlonBly  blaitad  btit  eipoied  in  truisfer) 
After  Ave  mlnatM  blaatiiig 

Weight  olAbOs 

AfterlOiiil&titeBatl440M460« 

After  Mcond  10  minutes  at  1440M460* 

After  third  10  minutes  at  144OM460'* 

Weight  of  empty  crucible  after  brushing  out  precipitate 

Weight  of  AlsOs  after  heating 


Weight 

against 

tare 


Otams 
3.1665 
3.8953 
3.8943 


0.7278 


3.8943 
3.8941 
3.8940 
3.1662 


0.7278 


From  these  results  it  is  evident  that,  making  allowance  for  the 
loss  in  weight  of  the  platinum  crucible  (0.0003  g) ,  exposure  to  a 
temperature  of  over  1400°  C  produced  no  appreciable  change  in 
weight  of  AljOj  previously  blasted  for  not  over  15  minutes. 

From  these  results  it  is  apparent  that  the  continued  losses  in 
weight  noted  by  some  authors  upon  successive  blastings  of  AljO, 
were  probably  due,  not  to  further  dehydration  of  the  precipitate, 
but  to  losses  in  weight  of  the  crucibles  (which  in  commercial 


V  Thanks  are  due  to  R.  B.  Sosman  and  J.  C  Hostetter,  of  the  Geophysical  Laboratory,  for  assistance 
in  these  liigh  temperature  experiments,  conducted  in  19x2. 
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platinum  may  be  quite  appreciable) ;  or,  in  case  the  crucibles  were 
not  covered  while  in  the  desiccator  and  on  the  balance,  to  a  de- 
crease in  the  hygroscopicity  of  the  precipitate.  In  other  words, 
at  no  time  was  the  true  anhydrous  weight  obtained,  but  always  a 
weight  including  some  amount  of  absorbed  moisture,  which  amount 
decreases  (and  may  become  almost  negligible)  after  the  precipitate 
has  been  heated  to  high  temperatures  for  a  considerable  period. 
Owing  to  the  frequent  failure  to  mention  whether  the  crucibles 
were  covered  during  the  ignition  and  weighing,  it  is  impossible  to 
determine  in  which  cases  the  above  criticism  applies.  Such  omis- 
sions indicate,  however,  a  lack  of  appreciation  of  the  importance 
of  covering  the  crucibles. 

3.  EFFECT  OF  AMMONIUM  CHLORIDE  UPON  THE  IGNITION 

The  still  prevalent  misconception  that  when  aluminium  hydrox- 
ide containing  ammonium  chloride  is  ignited,  there  is  loss  of  alu- 
minium, dates  back  at  least  to  i875.*'  K  h^  been  disproven  so 
frequently  ^*  that  it  would  be  superfluous  to  dwell  upon  it  were  it 
not  for  the  fact  that  it  is  referred  to  even  in  recent  textbooks. 
The  following  experiments,  while  not  essential  to  establish  this, 
are  perhaps  of  interest  in  still  further  demonstrating  the  absence 
of  such  an  effect.  Measured  portions  of  a  ptu^  AlCls  solution 
were  evaporated  to  small  volumes  in  weighed  platintmi  crucibles, 
after  which  pure  ammonia  in  slight  excess  was  added.  Evapora- 
tion was  continued  to  dr3mess  and  the  residues  were  heated  until 
all  ammonium  salts  were  expelled,  and  were  finally  blasted  and 
weighed.  The  results,  together  with  those  obtained  by  the  pro- 
cedure recommended  below  (which  had  been  fotmd  to  give  accu- 
rate results  with  metallic  aluminium)  are  shown  in  Table  3. 

TABLE  3 


Experi- 
ment 


1 
2 
3 

4 
5 
6 


MeUiod 


50  cc 

AlCls 

yielded 

AI1O3 


IMtect  evipontloii . 

do 

Pxedpltetion 

do 

do 

do 


Gxam 
0.0998 
.0997 
.1002 
.1001 
.1000 
.0999 


*C.  R.  Fresenitu,  Quantitatrre  analysis,  sixth  Ger.  edition;  z875. 

»  Allen  and  Gottschalk,  Am.  Cbem.  Joor.,  24,  p.  093,  X900;  W.  P.  HUlebrsnd,  Btdl.  43a.  United  States 
Ged.  Survey,  p.  99,  29x0;  W.  H.  Daudt,  J.  Ind.  Ung.  Chem.,  7,  p.  847*  19x5. 
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From  Table  3  it  may  be  seen  that  in  experiments  i  and  2,  where 
the  aluminitim  hydroxide  was  certainly  in  very  intimate  contact 
with  an  excess  of  ammonium  chloride,  any  loss  of  aliuninitun  by 
volatilization  was  so  small  as  to  be  negligible.  Moreover,  the 
weights  in  experiments  3-6  include  corrections  for  the  filter  ash 
and  for  known  small  imptuities  in  the  reagents  and  water,  and  are 
therefore  probably  somewhat  less  accurate  than  those  obtained  by 
direct  evaporation. 

Vm.  PROCEDURE  RECOMMENDED 

Prom  the  foregoing  considerations  the  following  conditions  are 
recommended  for  the  determination  of  aluminium  hydroxide. 
To  the  solution  containing  5  g  of  ammonium  chloride  per  200  cc 
of  solution,  or  an  equivalent  amount  of  hydrochloric  acid,  add  a 
few  drops  of  methyl  red  (0.2  per  cent  alcoholic  solution)  and  heat 
just  to  boiling.  Carefully  add  dilute  ammonitun  hydroxide  drop* 
wise  until  the  color  of  the  solution  changes  to  a  distinct  yellow. 
Boil  the  solution  for  one  to  two  minutes  and  filter  at  once.  Wash 
the  precipitate  thoroughly  with  hot  2  per  cent  ammonitun  chloride 
(or  nitrate)  solution.  Ignite  in  a  platimun  crucible  and  after  the 
carbon  is  all  burned  off  blast  for  five  minutes ;  cover  the  crucible 
and  place  it  in  a  desiccator  until  cool.  Weigh  covered  as  rapidly 
as  possible.  A  second  blasting  of  five  minutes  is  desirable, 
especially  as  it  permits  a  more  rapid  weighing,  and  consequently 
probably  more  accurate  results. 

EC.  CONFIRMATORY  EXPERIMENTS 

A  weakness  of  many  of  the  published  researches  upon  the  deter- 
mination of  aluminium  is  the  lack  of  suitable  standards  by  which 
to  test  the  proposed  methods.  The  use  for  this  purpose  of  hy- 
drated  salts  of  possibly  tmcertain  hydration,  such  as  the  alums,  is. 
not  to  be  recommended  for  accurate  work,  and  in  the  few  cases 
where  metallic  aluminium  has  been  used  no  detailed  evidence  of 
the  purity  has  been  presented.  The  following  few  experiments, 
though  by  no  means  exhaustive,  appear  to  show  that  the  method 
just  described  will  yield  results  accurate  to  at  least  i  part  in  300 
(which  is  more  than  sufficient  for  most  purposes),  and  probably 
better. 

Two  samples  of  the  purest  aluminium  that  could  be  obtained 
in  191 2  from  the  Aluminum  Company  of  America  were  analyzed 
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by  the  methods  described  by  J.  O.  Handy,"  3delding  the  following 
results  for  the  only  elements  that  could  be  detected. 


TABUS  4 


AnalytLi  of  Alaniniam 

S«mpto 

▲ 

B 

SOieoii . 

Ftroani 

0.13 

.01 

.25 

99.61 

Ptroent 
O.K 

COBDM   .x^ u, 

.01 

^^^Wr**  -«•■■......--...•.-.••-•.••..•-•••.•••••...•••••••••••••■••••••••••••••••••••"•• 

Inn ,,..,-,,,.. .-^  -,-,-^^  -, .- 

.17 

AliiHllillMill  1  fllff AffmCB  1  >.....................•••••......................•......••... 

99.66 

Weighed  portions  (about  1.3  g)  of  these  samples  were  dissolved 
in  hydrochloric  acid  and  the  solutions  were  oxidized  with  a  small 
amount  of  nitric  acid  and  filtered  to  remove  silicon.  The  filtrates 
were  diluted  to  measured  volumes  and  aliquots  used  for  the 
determination  of  aluminium  as  above  described,  about  0.25  g  of 
Al^Os  being  weighed  in  each  determination.  The  ammonia  was 
redistilled  and  all  reagents  carefully  tested  and  found  free  from 
appreciable  contamination.  The  weights  of  precipitates  were 
corrected  for  the  filter  ash  and  for  the  amotmt  of  FcaOa  corre- 
sponding to  the  iron  found  by  the  previous  anal3rsis.  The  results 
are  shown  in  Table  5." 

TABLES 
•     Altuninium  Detennkuition  In  Metallic  Aluminium 


Sfliii9l« 

woyht 

■ample 

VwaA 

Al 

BqpMlDMIlt 

AlsOi 

Al 

Toand 

Bydif- 
tcnoM 

1 

A 
A 

B 

0.1298 
.1298 
.1288 

C 

0.2445 
.2443 
.2428 

C 

0.1297 
.1296 
.1288 

• 
Pwoent 

99.90 

99.82 

99.95 

Pw  osni 
99.61 

2 

99.61 

3 

99.66 

M  J.  Am.  Chem.  Soc.,  18*  p.  768;  1896. 

B  In  caloolatlng  the  welj^t  of  aluminium  present  in  the  AlsOi,  the  1910  atomic  weight  of  Al«  37.1  has  been 
nsed.  It  is  at  least  interesting,  though  probably  not  slgnifloant  with  so  few  experiments,  to  note  that  if 
the  roond  atomic  weight  27  be  used  for  Al  the  yalnes  for  per  cent  Al  foond  become,  nspectfrely,  99.78  and 
00.87  for  A  and  99.78  for  B— that  is,  they  approach  the  anumnt  found  by  difference,  well  within  the  expert- 
mental  limit.  No  probable  souroe  of  error  in  the  determinations  in  Table  6  is  likely  to  account  for  the 
existing  disorepandes,  amounting  to  from  0.0006  to  0.0008  g  AliOt.  ICore  experiments  are  required  to  throw 
lis^t  upon  these  discrepancies.  The  point  is  merely  mentioned  as  of  interest  in  connection  with  the  state- 
ment of  F.  W.  Clarke  (Recalculation  of  the  Atomic  Weights,  p.  368,  3d  editton,  1010),  that  "the  atomic 
weight  of  aluminium  needs  reinvestigation." 
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X.  CONCLUSIONS 

From  the  above  experiments  the  following  conclusions  may  be 
drawn,  many  of  which  simply  confirm  those  of  previous  inves- 
tigators: 

(i)  From  observations  made  with  a  hydrogen  electrode  and 
with  suitable  indicators  it  was  found  that  the  precipitation  of 
aluminium  hydroxide  by  ammonium  hydroxide  is  complete 
when  [H+]  is  between  iq-'*  and  iq-^-*,  points  approximately 
defined  by  the  color  change  of  methyl  red  and  of  rosolic  acid. 

(2)  The  presence  of  ammonium  chloride  during  precipitation  is 
advantageous  in  limiting  the  alkalinity  and  in  coagulating  the 
precipitate. 

(3)  Solutions  of  ammonitun  nitrate  and  chloride  are  equally 
satisfactory  for  washing  the  precipitate. 

(4)  The  conditions  of  precipitation  recommended  are  favor- 
able for  the  simultaneous  precipitation  of  aluminium  and  ferric 
hydroxides;  and  for  their  separation  from  calcitun,  strontium, 
baritun,  and  magnesitun. 

(5)  Crucibles  containing  ignited  alumina  should  be  kept  covered 
in  the  desiccator  and  on  the  balance. 

(6)  For  precipitates  of  from  o.i  to  0.2  g  AlaO,  5  or  10  minutes 
blasting  is  sufficient. 

(7)  The  presence  of  ammonium  chloride  dining  ignition  causes 
no  appreciable  loss  of  alumina. 

Washington,  March  31,  191 6. 


CALCULATION  OF  PLANCK'S  CONSTANT  Q 


By  J.  H.  Dellmger,  Assistant  Physicist 


L  CALCULATION  OF  €3  FROM  ANY  TWO  OBSERVATIONS 

The  basis  of  a  number  of  methods  for  measuring  high  tempera- 
tures is  Planck's  equation  for  radiation  from  a  black  body, 

J  =  m^ — ^  f  I) 


X5(ex"-i) 


As  this  has  been  used  very  generally,  much  of  the  available  data 
on  properties  of  matter  at  high  temperatures  depend  upon  the 
physical  constant  c,.  This  constant  is  important  also  in  purely 
theoretical  physics,  in  theories  bearing  on  the  constitution  of  the 
atom.  The  determination  of  the  value  of  this  constant  is  there- 
fore of  considerable  interest. 

Most  of  the  determinations  of  c^  have  been  from  observations  of 
the  intensity  of  radiation  J  as  sl  function  of  wave  length  X,  at  con- 
stant temperature  6.  Such  observations  were  plotted  in  a  ciuve 
with  /  as  ordinates  and  X  as  abscissas,  c,  was  obtained  by  the 
method  of  equal  ordinates ;  that  is,  by  calculation  from  two  wave 
lengths  \  and  X,  corresponding  to  any  pair  of  equal  ordinates  on 
opposite  sides  of  the  maximum  (Fig.  i).  The  most  convenient 
solution  for  this  method  was  shown  in  a  former  paper  ^  to  be 


X 


Wj-,,„,x,_,-3]  (., 


It  is  the  purpose  of  the  present  paper  to  present  a  more  general 
method  of  calculation  which  has  several  advantages. 

1  Buckin^uun  and  Ddlincer,  this  Bulletin,  7,  p.  393;  1911. 
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Since  equation  (i)  contains  two  constants,  it  is  obvious  that 
two  observations  of  /  for  any  values  of  X  and  0  suffice  to  find  c^  and 
c,.  Only  c,  is  of  interest,  as  c^  merely  gives  the  scale  of  ordi- 
nates,  while  c,  detemtines  the  shape  of  the  curve.  It  turns  out 
that  c,  is  calculable  very  simply  from  any  two  observations  of  /,  X, 
and  0.    In  particular,  when  the  two  observations  are  for  the  same 


Fig.  I. — Planck  energy  curve  for  1350°  K 

temperattire,  c,  is  obtained  from  any  two  points  on  the  /,  X  curve 
by  merely  adding  a  term  to  the  equation  for  equal  ordinates,  thus-: 


->^h^''-t'-^i 


(3) 


An  explicit  solution  for  c,  has  not  been  obtained,  and  would 
probably  be  complicated  and  useless  if  it  could  be  found.  A 
very  valuable  general  expression  is  foimd  as  follows.  Writing 
equation  (i)  in  the  form, 


it  follows  that 


-fit 


\A 


log  Ci-log/i-5logXi-log  Vi  -e->^) 
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Writing  the  similar  equation  for  J2,  X,,  0,,  and  subtracting,  we 
obtain 

This  equation  contains  c,  in  the  right*hand  member,  but  in  a  term 
which  is  always  relatively  small  in  practice.  Since  c,  is  a  physical 
constant,  a  closely  approximate  value  is  known,  which  may  be 
used  in  this  term.  A  second  approximation  would  rarely  modify 
the  result.  This  satisfactory  solution  may  be  simplified  by  intro- 
ducing the  relation 

f!        I       _1?        I  3« 

2  3 


(_a\  f!       I      _  __ 


When  \0i  is  not  too  close  to  X,^,,  the  first  term  is  sufGicient,  so  that 

This  equation  is  acctu'ate  enough  for  most  purposes.  It  furnishes 
a  very  simple  means  of  calculating  c,  from  any  two  observations, 
there  being  no  restriction  to  constant  temperature  or  to  constant 
wave  length. 

The  possibility  of  obtaining  a  solution  for  c,  in  a  form  such  as  (5) 
has  been.indicated  by  C.  N.  Haskins.^  He  showed  that  c,  could 
be  expressed  implicitly  in  terms  of  two  observations  of  /,  X,  0, 
by  means  of  the  equation 

op'^-Crr+C-i-o  (6) 

where  x^e^^  and  n-^^-  since  n  is  not  an  integer,  the  equa- 
tion is  not  solvable  algebraically.  Some  tedious  process  such  as 
successive  approximations  is  necessary  for  a  solution,  so  that  the 
method  is  not  as  direct,  convenient,  or  rapid  as  equation  (5). 
Haskins  pointed  out  that  while  previous  methods  for  calculating 
Cj  depended  upon  the  use  of  a  plotted  curve,  the  purely  mathe- 
matical solution  depends  directly  on  the  experimental  data.  All 
graphical  errors  are  thus  eliminated.  While  the  graphical  errors 
are  smaller  than  the  experimental  errors  at  the  present  time,  it  is 
of  interest  to  know  that  the  former  can  be  avoided. 

Equation  (5)  is  particularly  interesting  because  all  of  the  meth- 
ods which  have  been  used  for  the  deterinination  of  c^  may  be  derived 


*  Physical  Review,  S,  p.  476;  i9Z4- 


538  Bulletin  of  the  Bureau  of  Standards  wa,  13 

from  it  very  simply.     In  the  first  place,  if  the  two  observations 
are  at  constant  wave  length,  X^ =X, =X,  equation  (5)  gives  at  once: 


e 


?&[,ogi-.^]  W 


This  is  the  equation  for  obtaining  c,  from  an  "  isochromatic  "  ciuve; 
that  is,  observations  at  a  fixed  wave  length.  Isochromatics  are 
used  very  widely  in  temperature  measurement.  In  the  second 
place,  if  temperature  is  kept  constant  instead  of  wave  length, 
01  =  02  =0,  and  equation  (3)  follows.  Equation  (3)  represents  the 
method  which  is  discussed  in  detail  in  this  paper.  Thirdly,  by 
placing  Ji^Ji  in  equation  (3),  the  method  of  equal  ordinates 
appears.  Fourthly,  by  omitting  also  the  exponential  correction 
term,  Paschen's  equation  follows,  viz, 

Aj        Aj  A| 

Fifthly,  an  equation  for  the  method  used  at  the  Rdchsanstalt,* 
of  observing  the  maximum  /  and  the  value  of  /  at  one  other  X, 
follows  from  equation  (3)  by  A\Titing  X^  =  X,  /i  =»/,  Xj  «=  Xm,  Ji^Jm, 

4.965  Y  -  (4.965  -  ^"•^«)  «  5  log  y  +  log  ^  (9) 

Having  obtained  Xm,  c^  is  given  by  the  relation 

C,  «  4.965  Xmtf  (10) 

Equation  (9)  is  transcendental,  and  in  practice  is  solved  by  pre- 
liminary calculation  of  a  table  of  Jm/J  as  a  function  of  Xm/X.  This 
method  is  inconvenient  physically  as  well  as  mathematically.  It 
requires  observation  of  /  at  one  particular  point,  the  maximum 
of  the  ciu^e;  consequently,  the  method  is  impossible  at  all  tem- 
peratures for  which  there  is  energy  absorption  at  the  maximum 
of  the  curve. 

The  chief  interest  attaching  to  equation  (5)  is  its  generality  in 
relation  to  other  equations,  as  jtist  discussed.  In  determining  c, 
from  two  observations,  there  is  not  necessarily  any  advantage  in 
having  both  temperatures  and  both  wave  lengths  different.  In 
fact,  the  requirements  of  temperature  measurement  usually  neces- 
sitate holding  the  temperature  constant  at  least  as  long  as  the  time 
required  to  observe  two  values  of  /.     When  the  temperature  is 

*  Warburg,  LeithSuser.  Hupka  and  Mtiller,  Ann.  845,  p.  695;  1913. 
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kept  constant,  and  /  observed  as  a  function  of  X,  a  so-called 
"  isothermal "  is  obtained. 

In  calculating  c,  from  isothermals  by  the  method  of  equal  ordi- 
nates,  it  is  necessary  to  driaw  a  curve  of  /  as  a  ftmction  of  X.  One 
of  the  advantages  of  the  mode  of  calculation  of  equation  (3)  is  that 
no  curve  is  required,  and  thus  all  the  labor  and  the  errors  of 
plotting  and  reading  a  curve  are  eliminated.  Since  this  method 
determines  c,  from  any  two  points  whatever  on  the  Planck  curve, 
it  is  applicable  when  only  limited  portions  of  the  curve  can  be 
observed.  This  is  an  important  consideration  in  practice,  since 
absorption  bands  and  other  sources  of  error  affect  some  parts  of 
the  curves,  and  it  is  sometimes  impossible  to  find  a  usable  ordinate 
on  one  side  of  the  maximum  equal  to  a  certain  ordinate  on  the 
other  side.  These  difficulties  have  limited  the  general  application 
of  the  previously  used  methods,  but  the  two-point  method  is  not 
affected  by  them. 

Since  the  two-point  method  utilizes  the  observations  directly, 
any  abnormal  point  is  very  sharply  shown  up.  If  a  point  is  in 
error,  for  instance,  because  of  errors  of  observation  or  errors  in  the 
spectrometer  setting,  this  is  made  evident  by  an  abnormal  value  of 
c,  resulting  from  the  calculation.  Each  point  stands  by  itself, 
whereas  if  a  curve  is  plotted  each  point  is  necessarily  affected  by 
neighboring  points.  In  the  direct  two-point  calculation  only  the 
points  affected  by  the  experimental  conditions  will  give  wrong 
values  of  c,.  A  point  known  to  be  normal  can  be  used  and  various 
others  combined  with  it,  then  any  abnormal  values  are  known  to 
be  due  to  the  other  points.  The  constancy  of  values  of  c,  thus 
calculated  from  any  desired  pairs  of  points  is  a  good  criterion  to 
show  whether  the  observations  follow  Planck's  law.  Finthermore, 
variations  of  c,  when  thus  calculated  actually  give  an  easy  way  of 
investigating  the  shape  of  the  observed  curve  as  compared  with 
the  Planck  curve,  without  plotting  either  curve.  Labor  is  thus 
saved,  as  it  is  desired  to  calculate  the  value  of  c,  an)rway  for  its 
own  sake.  Considerable  information  regarding  the  shape  of  the 
curve  is  given  when  the  two  points  are  both  taken  on  the  same  side 
of  the  maximum,  as  shown  in  the  example  discussed  below. 

n.  APPLICATION  OF  THE  IfBTHOD 

The  method  was  tried  out  on  experimental  data  obtained  by 
Dr.  Coblentz,  which  he  very  kindly  placed  at  the  disposal  of  the 
writer.  The  data  were  from  reliable  observations,  and  the  curve 
which  was  plotted  from  them  gave  consistent  values  of  c,  by  the 
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method  of  equal  ordinates,  with  a  mean  very  close  to  14  360, 
practically  identical  with  the  general  mean  for  all  the  cmves 
obtained  by  Dr.  Coblentz.*  Certain  of  the  calculations  by  the  two- 
point  method  give  values  surprisingly  different,  as  shown  below. 
For  convenience  in  calculation,  equation  (3)  is  used  in  the  form 


2.3026 
c,- — ; 


ZxJ-^M^Sio  j^-H 5  logjog -0.4343^  x.*J  (11) 

When  both  points  are  at  the  right  of  the  tnaximnm,  the  exact 
formula 

2.3026  XiX,^  L       /,.     -       Xa  .  -        i-e^^\       f    . 
c%^      X^-xl  ^^^""h^^  logwj^^+logio 3^  (12) 

is  used.  When  one  of  the  points  is  at  the  left  of  the  maximtmi, 
equation  (i  i)  is  amply  accurate.  ^ 

In  the  exponential  term  in  the  equations,  c,  was  taken  equal  to 
14  350*  The  data  were  for  a  temperature  of  i350®jfC,  the  theo- 
retical curve  for  which  is  given  in  Fig.  i.  Values  of  c,  calcu- 
lated by  the  method  of  equal  ordinates  from  the  observed  curve 
agreed  within  i  per  cent,  with  a  mean  of  14  360.  This  agreement 
seemed  a  satisfactory  indication  that  the  data  fit  the  Planck  equa- 
tion within  the  errors  of  experiment.  The  values  were  very  closely 
checked  by  calculations  from  nearly  equal  ordinates,  appl3dng 
equation  (11)  to  the  actual  observations.  The  first  advantage  of 
the  two-point  method  appears  here,  viz,  the  same  values  of  c,  are 
obtained  by  direct  calculation  from  nearly  equal  ordinates  as  by 
the  method  of  equal  ordinates,  and  the  graph  is  dispensed  with 
entirely. 

When  values  of  c,  were  calculated  from  a  point  of  large  ordinate 
on  one  side  of  the  maximum  and  a  point  of  small  ordinate  on  the 
other  side,  as  from  points  3  and  5,  or  4  and  6  (Fig.  i),  there  was 
a  fair  but  not  quite  so  good  an  agreement  with  the  method  of 
equal  ordinates.  Thus,  the  mean  of  seven  such  pairs  of  points 
gave  14  460. 

When  calculations  were  made  from  two  points,  both  on  the 
same  side  of  the  maximum,  small  departures  from  the  theoretical 
curve  had  a  magnified  effect  and  very  different  values  were  found. 
Calculations  made  from  nine  pairs  of  points,  such  as  3  and  4,  or 
5  and  6  (Fig.  i),  gave  values  of  c,  ranging  from  14  530  to  14  930, 
with  a  mean  of  14  750.    These  high  values  were  found  because 
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the  observed  points  were  slightly  below  the  theoretical  curve  in 
two  regions,  as  discussed  below. 

For  calculations  from  two  points  at  the  right  of  the  maximum, 
equation  (12)  was  used.  Some  of  the  calculations  were  made 
rigorously,  using  five  significant  figures  in  the  intermediate  steps. 
It  was  found,  however,  that  the  use  of  a  slide  rule  gave  the  values 
of  Cj  within  i  in  the  fourth  figure;  that  is,  well  within  the  accuracy 
of  observation.  It  may,  therefore,  be  stated  that  these  calcula- 
tions can  be  made  very  rapidly,  obtaining  the  logarithms  and 
exponentials  from  tables  and  performing  the  multiplications  by 
a  slide  rule.     In  calculating  the  values  of  c,,  as  already  stated,  a 

preliminary  value  of  c,  =  14  350  was  used  in  the  term  e  "^.    A 

second  approximation  would  make  the  values  still  greater.  In 
the  largest  values,  however,  the  increase  would  be  only  5  in  the 
fomlh  significant  figiu'e,  and  as  this  is  within  the  experimental 
error  the  second  approximation  was  not  made. 

It  has  been  suggested  to  the  author  by  C.  E.  Van  Orstrand  that 
the  reason  why  the  two-point  method  and  the  method  of  equal 
ordinates  give  different  values  is  because  they  weight  the  observa- 
tions differently ;  and  that  the  only  comprehensive  solution  would 
be  by  least  squares,  which  wotild  give  every  observation  the 
proper  weight.  All  of  the  methods  which  have  been  used  for  cal- 
culating c,  are  open  to  objection  on  this  score.  The  two-point 
method,  however,  is  the  most  powerful  in  indicating  the  shape  of 
the  curve.  It  also  helps  to  locate  any  constant  errors,  and  in  this 
respect  seems  superior  to  the  method  of  least  squares,  which 
assumes  all  departures  from  the  theoretical  to  be  accidental.  This 
appears  to  be  an  important  consideration  at  the  present  time, 
when  there  are  so  many  variables  affecting  the  observations. 
The  method  renders  this  very  service  in  the  case  of  the  observations 
here  discussed. 

The  excessively  high  values  of  c,  obtained  from  points  entirely 
on  the  left  or  entirely  on  the  right  of  the  maximum  indicate  that 
the  observed  points  toward  the  left  of  each  branch  of  the  curve 
lie  below  the  theoretical  Planck  curve.  In  other  words,  the  curve 
is  slightly  sheared,  but  in  such  a  way  that  its  distortion  does  not 
appreciably  affect  the  values  calculated  by  the  method  of  equal 
ordinates.  As  a  result  of  this  shearing,  all  the  values  of  c,  calcu- 
lated from  points  on  the  same  side  of  the  maximum  are  either 
equal  to  or  higher  than  the  mean  found  by  the  method  of  equal 
ordinates,  although  the  individual  observations  do  not  depart 
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from  the  theoretical  curve  any  more  than  can  be  accounted  for 
by  the  large  and  unavoidable  errors  of  observation.  Thus  a 
characteristic  of  the  curve  is  disclosed  by  this  method  of  calcu- 
lation which  would  be  overlooked  when  the  calculations  were 
made  by  equal  ordinates. 

It  is  not  known  whether  this  shearing  of  the  ctirve  is  wholly  a 
matter  of  experimental  error  or  a  true  departiu-e  from  Planck's 
equation.  A  similar  characteristic  of  such  curves  was  found  at 
the  Reichsanstalt ;  *  that  is,  different  values  of  c,  were  found 
from  the  left  and  the  right  sides  of  the  curve  (calculated  as  de- 
scribed above,  from  one  point  and  /  at  the  maximum) .  This  be- 
havior was  fotmd  in  curves  obtained  by  using  a  fluorite  prism. 
In  the  more  recent  work  of  Reichsanstalt,  very  consistent 
values  of  c,  have  been  obtained,  but  a  quartz  prism  is  used  and 
the  observations  are  all  on  the  left  of  the  maximum,  because  quartz 
shows  strong  absorption  at  wave  lengths  above  the  maximum. 
It  is  impossible  to  say  at  the  present  time  whether  the  abnormal 
values  of  c,  obtained  from  the  right  side  of  the  ciu^e  are  due  to 
the  inadequacy  of  the  theoretical  formula  or  to  the  errors  of 
observation. 

It  is  worthy  of  note  that  the  departures  of  the  above  observations 
from  the  theoretical  curve  come  in  that  part  of  the  ctu-ve  where  the 
Planck  and  the  Wien  equations  give  appreciably  diflferent  values. 
In  this  region  the  observations  fit  the  Planck  law  better  than  the 
Wien.  In  the  regions  of  lower  wave  length  and  temperature  where 
the  two  laws  agree,  they  are  ^ell  known  to  be  very  reliable.  This 
is  of  the  greatest  importance  in  various  methods  of  optical 
pyrometry,  which  are  based  on  the  Wien  equation.  The  recent 
Reichsanstalt  researches  do  not  establish  the  validity  of  the 
Planck  modification  of  the  Wien  equation,  because  that  work 
was  done  in  the  ranges  of  wave  length  and  temperature  to  which 
both  equations  apply.  Coblentz  has  already  pointed  out  •  that 
the  Planck  equation  has  not  received  a  thorough  experimental 
verification.  It  may  be  seen  from  the  calculations  above  that 
the  two-point  method  shows  the  characteristics  of  experimental 
I  curves  rather  more  vividly  than  any  previously  used  criterion. 

The  Planck  radiation  equation  has  considerable  importance  in 
i  various  theoretical  fields,  as  well  as  in  its  direct  experimental 

j  application.     It  is  probably  as  valid  to  obtain  the  value  of  the 

i  Planck  constant  c-  from  its  theoretical  relations  to  other  constants 

I  * 

I  *  ZS  Instrnmentenkunde,  M,  p.  iz8;  19x0.  *  This  Bulletin*  10,  p.  3;  1913. 
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as  from  radiation  data.  Prof.  Millikan,  therefore,  seems  well 
justified  in  his  suggestion '  that  a  more  precise  value  of  c,  is  ob- 
tainable on  the  basis  of  photo^ectric  experiments  than  from 
radiation  data,  since  higher  precision  is  attained  in  the  former 
experiments.  Of  course,  the  question  of  which  data  give  the 
more  accurate  value  could  only  be  answered  by  an  estimate  of 
the  constant  errors  in  the  two  kinds  of  experiments. 

HL  DETBRMmATION  OF  SPBCIAL  POmTS  ON  THE  PLAKCK  CURVE 

For  certain  points  on  a  Planck  isothermal  curve,  Wien's  dis- 
placement law  holds.    The  law  is  expressed  by  the  equation, 

Ci=IQ^  (13) 

where  K  is  ^  constant  and  \  is  the  X  coordinate  of  the  point. 
Such  special  points  are  the  maximum  of  the  curve,  for  which 
-K  — 4.965;  the  center  of  gravity,  for  which  if « 2.701;  and  the 
points  of  inflection.  By  the  use  of  the  displacement  law,  c^  could 
theoretically  be  obtained  from  an  observation  merely  of  the  X  for 
one  of  these  special  points.  As  a  matter  of  fact,  however,  none 
of  these  points  can  be  taken  directly  from  the  curve  with  accu- 
racy, so  no  additional  ways  of  obtaining  c,  are  really  provided  in 
this  way.  The  earliest  observers,  such  as  Lummer  and  Pring- 
sheim,  did  calculate  c,  from  observations  of  X  at  the  maximum, 
but  the  method  would  no  longer  be  considered.  P.  D.  Foote  has 
proposed*  using  the  center  of  gravity  similarly,  obtaining  the 
X  coordinate  by  mechanical  integration  of  the  curve.  Such  a 
method  wotild  involve  all  the  errors  of  the  curve  and  of  the 
integration,  the  former  being  particularly  formidable  since  a  part 
of  the  curve  known  to  be  affected  by  absorption  bands  could  not 
be  omitted.  Since  only  a  finite  portion  of  the  curve  can  be 
integrated  mechanically,  a  correction  has  to  be  computed  by  suc- 
cessive approximations.  The  method  is  laborious  and  not  highly 
accurate,  and  is,  in  fact,  not  recommended  by  its  author  for 
actual  use. 

Not  only  are  these  special  points  unsuitable  as  means  of  deter- 
mining Cs,  but  they  may  themselves  be  obtained  most  accurately 
and  conveniently  by  the  very  process  which  is  recommended  in 
this  paper  for  obtaining  c,.  Any  of  the  points  for  which  the  dis- 
placement law  holds  may  be  calctilated  from  any  two  observed 

f  Phys.  Rev.,  7.  p.  378;  19x6.  *  This  Bulletin,  18,  p.  479;  19x5. 
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points.  Substituting  from  equation  (13)  in  equation  (3),  and 
letting  iiC^  — 

This  is  the  same  as  equation  (3) ,  with  K'  substituted  for  0.    For 

the  maximum  of  the  curve,  -PC' =0.2014;  for  the  center  of  gravity, 

-K"'*  0.3702.    This  means  that  the  maximum  of  the  curve  need 

not  be  observed  in  order  to  determine  it,  and,  in  fact,  it  cotild 

not  be  determined  with  nearly  as  great  acciuacy  by  direct  obser- 
vation as  by  calculation  from  several  pairs  of  reliable  points. 

Also,  the  whole  curve  need  not  be  observed  in  order  to  determine 
the  center  of  gravity.  Practically  a  single  equation  suffices  to 
determine  c,  and  all  the  special  points  from  any  two  observed 
points. 

It  may  be  noted  that  only  a  very  rough  value  of  the  tempera- 
ture need  be  known  in  calculating  the  special  points  by  equation 
(14);  One  additional  possibility  of  the  two-point  method  is,  of 
course,  the  determination  of  temperatm-e.  Solving  equation  (3) 
for  0  instead  of  for  c,, 

c,(\-Xi) 


w 


(15) 


-^3 


log  ^  +  5  log  ^-^^* 


This  requires  knowledge  of  the  value  of  c,  and  a  roughly  approxi- 
mate value  of  $.  This  wotild  be  a  more  accurate  method  of  tem- 
perature meastu-ement  than  the  use  of  the  displacement  law  for 
the  maximum  of  the  curve.  It  might  be  a  useful  method  in  cer- 
tain experiments  where  the  proper  apparatus  was  set  up. 

IV.  SUMMARY 

The  constant  c,  of  Planck's  radiation  equation  has  heretofore 
been  obtained  from  radiation  data  by  processes  involving  the  use 
of  a  graph.  It  may  be  determined  very  simply  and  directly  from 
two  observations  at  any  wave  lengths  and  temperatures.  The 
formula  for  the  case  of  constant  temperature  is  only  slightly 
different  from  the  familiar  equation  for  equal  ordinates.  The 
method  eliminates  all  graphical  difficulties,  and  is  less  limited  by 
experimental  conditions  such  as  absorption  bands  in  the  air  and 
the  prism. 
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A  mathematical  discussion  has  been  given,  showing  how  very 
simply  the  equations  for  all  the  known  methods  of  calculating  c, 
may  be  deduced  from  a  general  solution  of  Planck's  equation. 

On  applying  the  general  method  of  calculating  in  terms  of  two 
points  to  an  experimental  energy  curve,  the  power  of  the  method 
in  investigating  the  shape  of  the  curve  is  strikingly  shown.  The 
departtu-es  of  the  observations  from  the  Planck  law  are  more 
vividly  indicated  than  in  other  methods  of  calculation.  The 
departures  of  individual  points  and  of  limited  portions  of  the  curve 
from  the  theoretical  values  stand  out  by  themselves. 

Points  on  the  Planck  curve  for  which  Wien's  displacement  law 
holds,  in  partictilar  the  maximum  of  the  curve,  have  been  con- 
sidered as  furnishing  additional  ways  of  determining  c,.  Such 
methods  are  debarred  by  lack  of  accuracy  and,  in  fact,  these 
special  points  may  themselves  be  obtained  most  accurately  and 
conveniently  by  the  very  process  which  is  recommended  in  this 
paper  for  obtaining  c,.  Substantially  the  same  simple  equation 
sufSces  to  determine  c,  and  all  the  special  points. 

Washington,  May  10,  1916. 


Pic.  t. — Bridge  arranged  for  oil  immtrtionand  aulomalic  temperature  control.     (Bridge 
top  measures  27  by ^Qcm.)     ""        '       '  '  '  "'  '      '  -   --    - 

current  through  bridge,  etc. 


-Simpkbridge  withoul  temperature  control.     {Bridge  top 
measures  z&  bvsicm.) 
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1.  TTPB  OF  BRIDGE  REQUIRED 

• 

A  type  of  Wheatstone  bridge  which  has  been  found  to  meet 
practically  all  the  requirements  of  precision  measurements  with 
resistance  thermometers  is  one  having  equal  ratio  arms  of  rather 
high  resistance  (100  ohms  or  more)  and  a  variable  resistance 
arm  of  about  100  ohms,  variable  by  steps  of  o.oooi  ohm.  Such  a 
bridge  has  recently  been  described.*  Coils  of  o.i  ohm  (or  even 
o.oi  ohm)  and  larger  may  be  connected  to  mercury  contact 
blocks  and  short-circuited  by  suitable  amalgamated  links.  For 
resistances  smaller  than  o.  i  ohm  it  is  preferable  to  use  a  shunting 
arrangement,  as  described  in  the  paper  referred  to '  or,  in  some 
instances,  a  slide  wire  may  be  used.  Plug  or  dial  contacts  should 
not,  in  general,  be  used  directly  in  series  with  the  variable  arm 
as  the  variation  in  such  contacts  is  of  the  same  order  of  magni- 
tude as  the  value  of  the  smallest  step. 

^  This  BuUetin,  11,  p.  571;  19x5.  *  IrOC.  dt.,  p.  57a. 
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2.  DCPROVBD  SUDB-WIRB  BRIDOB 

A  consideration  of  the  ordinary  bridge  diagram,  Fig.  3,  in 
which  ab  and  ac  are  the  equal  ratio  arms,  shows  that  resistance 
may  be  transferred  to  or  from  the  remaining  arms  at  three  points: 
(i)  By  moving  d  along  bdc,  which  is  essentially  the  plan  used  in 
the  Callendar-Griffiths  bridges*;  (2)  by  moving  b  along  dbg; 
and  (3)  by  moving  c  along  dcg.  In  (2)  and  (3)  the  bridge  bal- 
ance is  not  independent  of  the  resistance  of  the  moving  contact 
as  in  (i),  but  the  effect  of  variations  of  this  contact  may  be  re- 
duced to  any  desired  extent  by  increas- 
ing ab  and  ac  with  which  the  contacts 
are  in  series. 

The  method  just  described  may  be 
used  to  introduce  the  i  -ohm  decade  and 
the  o.i-ohm  decade,  a  row  of  i-ohm 
coils  between  contact  blocks  being  con- 
nected along  bg  and  a  row  of  o.i-ohm 
coils  along  gc^  the  moving  points  b  and 
c  being  either  plugs  or  dial  switches. 

The  above  method  was  described  by 
the  writer  several  years  ago  to  Mr. 
Leeds,  of  the  Leeds  &  Northrup  Co.,  and  since  that  time  has  been 
used  by  them  in  their  calorimetric  bridges,  the  steps  smaller  than 
o.i  ohm  being  secured  by  the  use  of  a  Kohlrausch  slide-wire. 

3.  BRIDOB  WITH  SHUITT  DBCADES 

Instead  of  a  slide-wire,  the  smaller  steps  may  also  be  obtained 
by  the  use  of  shunts.  A  bridge  of  this  type  was  designed  early 
in  1913  and  has  been  in  use  for  about  two  years.  The  general 
scheme  of  connections  is  shown  in  Fig.  4.  There  are  two  ratio 
coils  of  250  ohms  each  and  these  are  connected  by  a  short  (5  cm) 
slide-wire,  which  is  used  in  adjusting  them  to  equality.  The 
ratio  coils  terminate  in  long  bars  which  may  be  connected  by 
means  of  plugs  to  the  contact  blocks  of  the  i-ohm  and  o.i-ohm 
decades.  The  lo-ohm  coils  are  coxmected  to  binding-post  blocks 
and  the  desired  number  of  coils  are  introduced  into  the  circuit  by 
making  connection  to  the  appropriate  binding  post.  This  method 
of  connection  is  satisfactory  in  most  instances,  but  may  prove 
a  source  of  inconvenience  when  considerable  changes  in  the  re- 
sistance to  be  measured  are  encountered,  as  may  be  the  case 


Pig.  3. — WheaisUme  bridge  duh 
gram 


*  H.  I«.  CaUendar,  Phil.  Mag.  V.  tS,  p.  X04. 1891;  B.  H.  Griffiths.  NatuRp  6S.  p.  39.  x895« 
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when  several  thermometers  are  to  be  measured  successively 
with  the  same  bridge.  If  this  decade  is  to  be  much  used,  it  is 
desirable  to  make  it  a  plug  decade  or,  perhaps  better,  to  use 
mercury  contacts. 

(a)  Shunted  Decades. — ^In  choosing  the  values  for  the  shunted 
coils'  the  f ormtda  for  resistance  of  coils  in  parallel  was  put  in  the 
following  form:  If  a  resistance  r  is  shunted  by  a  resistance 

/?,  the  effect  of  the  shunt  is  to  reduce  r  by  an  amount  n  .    • 

In  the  shunt  decades — f  orexample,  theo.oi  -ohm  decade — R  is  given 

a  series  of  values  such  that  s-r"  successively  assumes  the  values 

R+r  ^ 


lOXlA 


10  X  o.m 


lOXlOJl 


04©  > 


JOXQMA     lOXQOWn  lOXQOOOlA 

Fig.  4. — Diagram  of  connections  for  bridge  with  skunt  decades 

o.io,  0.09, 0.08 — 0.00;  that  is,  successive  values  of  R  are  defined  by 


the  equations  R+r 


,  etc.,  to  R+r  = 


Consequently  to 


o.io'        '  0.00 

secure  even-valued  coils  a  value  was  sought  for  r',  which  should 
contain  the  factors  7  and  9  and  therefore  be  divisible  by  all  num- 
bers below  10.  The  value  f*  « 1.26  was  found  to  lead  to  suitable 
values  for  the  coils  of  the  o.oi-ohm  decade.     By  making  r,  for  the 

o.ooi-ohm  decade  equal  to  r  J^^io  the  successive  values  of  R  for 
this  decade  are  made  to  differ  by  a  constant  amount  from  the 
values  of  R  for  the  o.oi-ohm  decade  so  that  the  corresponding 
coils  for  the  two  decades,  with  two  exceptions,  will  be  equal.  The 
values  of  the  shunted  and  shtmting  coils  for  the  three  decades  are 
given  in  Table  i . 
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RariiUncei  in  ohma 

Position  of  swilcb 

0.01-oiim  decade— 
thimted  ooll, 

Vl.26'- 1.1225 

0.001 -ohm 

decade— 

alumted  coil. 

V0.126- 

03550 
Individual 

COilB 

0.000&pOlim 

decade— 

ahttnted  coil* 

Vo.di26- 

Total  ahunt- 
tag  reaiatanfe 

Indlvldiua 
ooUa 

0.1122 

IndMdual 

coiia 

0 

12.6  ~Vl*26 

14.0  -Vi.a6 
15.75-.^x.a6 

18.0-Vx.a6 
21.0-Vi.»6 
25.2  -Vx-a6 
31.5  -Vi.a6 
42.0  -Via* 
63.0  -Vi-26 
126.     -V«-a6 
•    -Vi.»6 

1L478 
1.4 
1.75 
2.25 
3.0 
4.2 
&3 

las 

21.0 
63.0 

OS 

12.245 
1.4 
1.75 
etc 

12.49 

1 

L4 

2 

etc 

3 

** 

4 

5 

6 

7 

8 

9 

10 

Instead  of  the  number  1.26,  other  values  may  be  found  more 
suitable  imder  some  circumstances.  For  example,  if  it  were 
required  that  the  resistance  of  the  three  decades,  with  switches  on 
zero  positions,  should  be  less  than  i  ohm,  the  three  shunted  coils 

might  be  given  the  values  Vo-6o48,  -^^^06048,  and  VSioo6o48 
(6048-7X9X96). 

(6)  Adjustment  of  Ratio  Arms. — ^The  slide-wire  between  the  ratio 
coils  is  motmted  inside  the  bridge  in  a  vertical  position  and  the 
slider  is  moved  by  turning  a  screw  which  engages  the  nut  on 
which  the  slider  is  mounted.  The  head  of  this  screw  projects 
through  a  hole  in  the  bridge  top.  The  bridge  is  so  arranged  that 
the  ratio  coijs  may  be  interchanged  at  any  time,  but  as  this  involves 
manipulating  both  plugs  it  is  more  convenient  to  adjust  the  coils 
to  equality  as  often  as  may  be  necessary  and  not  to  interchange 
ratio  coils  during  measurements.  The  accuracy  with  which  this 
adjustment  can  be  made  is  limited  only  by  the  sensitivity  of  the 
galvanometer  used,  and  errors  due  to  inequality  of  the  ratio  coils 
may  therefore  be  made  absolutely  negligible. 

(c)  Temperature  Control. — ^The  bridge  is  mounted  in  an  oil 
bath  and  thermostatic  control  of  the  temperature  is  provided 
for.  The  motor  for  circulating  the  oil  is  moimted  on  the  bridge 
top  and  drives  a  screw  propeller  working  in  a  vertical  tube  which 
also  contains  a  heating  coil.    The  oil  is  circulated  downward 
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through  the  tube,  along  the  bottom  of  the  box  tmder  a  false 
bottom,  thence  upward  and  past  the  coils  and  through  the  tube 
again.  A  liquid-in-glass  thermoregulator  is  mounted  on  the 
lower  side  of  the  false  bottom.  Power  for  operating  the  thermo- 
stat is  supplied  from  the  i  lo-volt  alternating-current  line,  through 
a  small  (40-watt)  transformer,  which  gives  voltages  up  to  16  by 
steps  of  I  volt.  This  transformer  furnishes  power  for  operating 
the  motor  and  relay  and  for  the  heating  coil.  A  switch  is  so 
connected  that  the  high  voltage  can  be  applied  to  the  heating 
coil  for  rapid  heating  to  30®,  at  which  temperature  the  thermo- 
regulator is  set  to  operate.  A  buzzer,  also  operated  from  the  trans- 
former, indicates  when  the  temperature  of  30®  has  been  reached. 

A  copper  coil  similar  to  the  sealed  coils  used  for  the  lo-ohm 
and  I -ohm  decades  mounted  in  the  bridge  and  arranged  so  that 
its  resistance  can  be  measured  with  the  bridge,  shows  that  in 
such  coils  the  fluctuations  in  the  temperature  of  the  oil,  as  the 
regulator  operates,  are  almost  completely  damped  out. 

(d)  Effect  of  Contact  Resistances. — In  order  to  make  an  estimate 
of  the  precision  attainable  with  such  a  bridge  it  is  necessary  to 
assume  the  probable  variations  in  the  resistances  of  various  kinds 
of  contacts.  For  this  purpose  the  following  figures  for  the  varia- 
tion of  various  types  of  contacts  when  kept  in  good  condition  and 
correctly  maniptdated  will  be  used: 

Type  of  contact :  Probable  vuJAtiaa 

Binding  post a  0000a  ohm 

Plug 0001   olim 

Switch 0002   ohm 

The  figures  quoted  can  not  from  the  nature  of  the  case  be 
accurate,  but  liiey  were  the  best  estimates  obtainable  for  the 
variations  in  well-made  contacts.  Granting  that  a  contact  of  any 
of  the  three  types  will  maintain  a  constant  resistance — ^for  example, 
to  I  microhm,  for  a  short  time  if  not  disturbed — ^values  will  be 
computed  for  the  bridge  under  consideration. 

In  measuring  a  resistance  of  about  25  ohms — ^for  example,  in  a 
calorimetric  experiment — ^the  effect  of  any  variation  of  the  two 
plug  contacts  is  only  one-tenth  of  what  it  would  be  if  these  con- 
tacts were  in  the  variable  arm.  Similarly,  the  maximum  effect 
of  variations  in  the  dial  switches  is  onlv  one  one-hundredth  of 
the  variation  of  one  switch  contact.  Consequently  the  total 
error  in  the  measurement  due  to  contact  resistances  (the  contacts 
on  the  binding  posts  may  be  left  undisturbed)  is  that  due  to  one  or 
two  plugs  (reduced  10  times)  and  one  switch  (reduced  100  times), 
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the  total  amotmting  to  less  than  20  microhms,  a  value  comparable 
with  that  obtainable  with  a  good  mercury  contact  bridge. 

If  the  resistance  to  be  measured  is  about  2.5  ohms  and  is  provided 
with  potential  terminals  and  measured  in  the  manner  to  be 
described  later,  the  effects  of  the  variations  in  the  plug  contacts 
are  reduced  100  times.  The  total  effect  of  contact  resistances 
in  this  case  will  therefore  amotmt  to  less  than  10  microhms,  which 
is  as  good  as  can  usually  be  attained  with  a  mercury  contact 
bridge. 

The  above  figures  may  be  summarized  in  the  statement  that 
the  precision  attainable  in  the  use  of  the  bridge  is  limited  by  the 
contact  resistances  in  series  with  the  ratio  coils  to  about  i  part 
in  2  000  000  and  in  the  measurement  of  low  resistances  is  limited 
by  the  contact  resistances  in  series  with  the  shtmts  to  about 
0.000002  ohm. 

The  effects  of  thermoelectromotive  forces  at  the  moving  con- 
tacts are  also  reduced  to  such  an  extent  as  not  to  be  a  source  of 
inconvenience  in  making  measurements. 

(e)  Performance. — ^Tests  made  with  the  bridge  showed  that 
readings  consistent  to  i  or  2  microhms  could  be  made  on  resist- 
ances up  to  10  ohms,  thus  indicating  that  at  the  time  the  tests 
were  made  the  contacts  were  somewhat  better  than  estimated 
above.  The  i-ohm  and  larger  coils  are  of  the  sealed  t}rpe  formerly 
described  ^  and  have  during  two  years  shown  no  changes  amotmt- 
ing to  more  than  2  parts  in  100  000.  The  bridge  was  made  by 
O.  Wolff  and  has  proven  satisfactory  in  all  respects.  A  photograph 
of  this  bridge  forms  Fig.  i  (frontispiece) . 

In  this  bridge  the  decade  arrangement  is  used  exclusively,  and 
the  question  may  arise  as  to  whether  the  calibration  can  be  made 
as  accurately  as  in  the  bridges  in  which  the  5,  2,  2,  i  combinations 
are  used.  There  is,  of  course,  an  accumulation  of  errors  in  each 
decade,  reaching  a  maximum  at  the  middle  of  the  decade.  Such 
errors  could  be  avoided  by  comparing  groups  of  coils,  but  as  a 
matter  of  fact,  in  calibration,  such  high  sensitivity  may  be  secured 
and  utilized  if  the  contacts  are  in  sufBciently  good  condition, 
that  it  is  sufficient  to  evaluate  each  coil  separately  and  add  the 
values.  It  is  worth  noting  that  the  decade  plan  is  less  subject  to 
error  in  measuring  changes  of  resistance,  as  is  always  done  in 
resistance  thermometry.  For  example,  using  the  5,2,2,1  arrange- 
ment, it  is  necessary  to  change  all  coils  if  the  resistance  measured 
changes  from  4  to  6  ohms,  while  with  the  decade  arrangement  it  is 

*  This  Bulletin,  loc.  dt.,  p.  575. 
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only  necessary  to  add  the  two  coils  which  are  equivalent  to  the 
change  to  be  measured. 

Successive  independeiit  calibrations  show  that  the  errors 
occurring  in  calibration  are  not  of  importance. 

The  bridge  may  be  calibrated  in  international  ohms  without 
the  use  of  precision  auxiliary  apparatus  (except  a  standard  coil), 
since  by  the  use  of  an  external  variable  resistance,  each  coil  of  a 
decade  may  be  compared  (by  substitution)  with  the  sum  of  the 
10  coils  of  the  next  lower  decade.* 

4.  DIAL  BRIDOB 

Another  bridge  of  this  general  type  but  improved  in  details  has 
been  designed  and  constructed.  It  differs  from  the  one  already 
described  principally  in  employing  switches  instead  of  plugs  for  the 
i-ohm  and  o.i-ohm  decades,  and  in  making  the  lo-ohm  decade 
usable  as  a  plug  decade,  or  permitting  coimection  directly  to  the 

*  Por  convenience  the  foUowing  accoant  of  the  twnal  ynrthods  canployed  in  wicfa  calibrations  ia  added; 

The  ooils  in  a  decade  will  be  designated  as  1, 2,  .  .  .  8,  0,  x;  so  that  9  denotes  the  siun  of  the  first  nine 
1-ohni  coils  and  x  denotes  the  snjn  of  the  ten  1-ohni  coils,  and  Bilnilflriy  O.z  denotes  the  smn  of  the  tea 
0.1-ohni  coils. 

The  calibration  consists  of  the  foUowing  steps: 

1.  Adjust  the  ratio  coils  to  equality. 

2.  If  a  lO-ohn  standard  is  used,  measure  this  stsndard  (preferably  by  using  a  ooBunutatof)  in  terms  of 
the  X  coils,  just  as  a  resistance  thermometer  would  be  measnred.  Prom  this  a  relation  x^-lO+A  inter- 
national ohms  is  obtained. 

3.  Connect  an  external  resistance  variable  by  steps  of  1  ohm.  or  iMreferably.  0.1  ohm  to  the  bridge  as  for 
a  resistance  measurement. 

4.  Measure  a  resistance  of  apiMrocdmatdy  1  chm,  first  with  li.  and  then  with  0  jc  in  the  variable  arm 
of  the  bridge,  balance  in  each  case  being  obtained  by  using  the  lower  decades  of  the  bridge. 

5.  Measure  a  resistance  of  approximately  2  ohms,  first  with  li+lt  and  then  with  li+0.x  sn  the  variable 
arm.  and  continue  this  process  up  to  10  ohms. 

Prom  the  observations  under  (4)  and  (5)  the  following  equations  are  obtained: 

li+oi— Ojc+fti,  etc,  to  lx+a«— Ojc+6s. 
a  and  b  being  the  readings  of  the  lower  decades  of  the  bridge  necessary  to  obtain  balance. 

Adding  the  above  equations  gives 

x+So-10(0jc1+Z6 
whence 

0.x-l+0.1[A+Z(a-fr)]  international  6hms-l+A. 

Returning  to  the  original  equations  we  obtain 

li— l+Jk+fti— 01,  etc,  to  Ix— 1 +*+*«— «x. 

PinaUy  the  values  so  obtained  are  combined  to  give 

l-li;  2-li+lj.  etc,  tox-li+li+ 1«. 

A  partial  check  on  the  arithmetical  work  is  afforded  by  the  fact  that  the  value  f or  x  as  finally  obtained 
must  be  equal  to  10+ A  ohms. 

The  calibration  of  the  0.1-ohjn  decade  proceeds  in  the  same  way.  the  value  of  0.x  having  already  been 
obtained. 

It  is  desirable  to  carry  the  observations  and  computations  to  one  or  two  decimal  places  further  than  the 
number  to  be  retained,  to  avdd  the  effect  of  the  accumulation  of  errors  which  occurs  in  adding  the  values 
for  the  SQMxate  coils. 

Since  resistances  variable  by  sufficiently  small  steps  are  not  available  for  calibrating  the  lower  decades, 
a  slide  wire  may  be  used  in  the  manner  described  in  this  BuUetin  (11.  p.  686, 1015).  No  elaborate  ariarge- 
ment  is  required,  a  manganin  wire  about  15  cm  long  and  1  mm  in  diameter  fastened  at  the  ends  and  pro- 
vided with  a  movable  dip  for  the  battery  connection  being  all  that  is  required.  The  last  decade  is  tested 
by  means  of  galvanometer  deflections. 

As  the  relative  accuracy  required  in  the  0.01  ohm  and  lower  decades  is  not  high,  calibration  of  these 
decades  would  be  necessary  only  at  intervals  of  several  years. 
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coils  through  binding  posts.  The  scheme  of  connections  is  essen- 
tially that  of  Fig.  4.  A  plan  of  this  bridge  difiFering  very  slightly 
from  the  one  actually  constructed  is  shown  in  Fig.  5.  Mercury 
contacts  could  be  substituted  for  the  plug  contacts  without  change 
of  arrangement.  An  arrangement  is  provided  for  interchanging 
the  ratio  coils  which  can  be  used  to  adjust  these  coils  to  equality 
by  means  of  the  slide-wire.  This  adjustment  may  be  made  as 
follows:  By  connecting  the  post  marked  T'  with  one  of  the 
C  posts — ^for  example,  C  40,  and  connecting  tc  to  C  20 — the  first 
two  of  the  lo-ohm  coils  may  be  balanced  against  the  second  two. 
Then  on  shifting  the  switches  of  the  i  -ohm  and  o.  i  -ohm  decades 
from  the  zero  positions  to  R,  the  ratio  coils  are  interchanged  and 
the  bridge  balance  will  be  disturbed  imless  the  two  are  equal.  If 
the  coils  are  not  equal,  adjustment  may  be  made  by  means  of  the 
slide-wire  until  no  change  in  balance  is  noted  on  interchanging  the 
ratio  coils.  A  special  stop  with  a  release  ordinarily  prevents 
moving  the  switchs  to  the  positions  R. 

The  three  keys  are  connected  in  the  battery  circuit  and  so 
arranged  that  the  key  E  closes  the  circuit  through  an  external 
resistance  connected  between  the  posts  marked  E,  the  100  000  key 
closes  the  circuit  through  100  000  ohms  and  the  0  key,  through 
no  added  resistance. 

5.  BRIDGB  WITHOUT  TEMPERATURE  CONTROL 

The  bridges  so  far  described  are  designed  for  work  of  very  high 
precision,  and  thermostatic  control  of  the  temperature  is  practi- 
cally necessary  to  secure  the  accuracy  for  which  the  bridges  were 
designed.  In  a  large  number  of  instances,  however,  a  lower  degree 
of  precision  is  permissible.  A  bridge  has  recently  been  designed 
for  measurements  of  such  accuracy  as  is  attainable  without 
thermostatic  control  of  coil  temperature.  With  manganin  coils 
of  the  average  grade,  measurements  can  be  made  to  about  i  part 
in  25  000  if  the  coil  temperatiu-es  are  known  within  i*^  or  2°,  and 
the  indications  of  a  mercury  thermometer  with  its  bulb  near  the 
coils  should  give  the  coil  temperatures  within  this  limit.  The 
bridge,  which  is  designed  largely  for  use  with  thermometers 
having  a  fundamental  interval  of  i  ohm,  has  four  dial  decades, 
the  arrangement  of  the  i  -ohm  and  o.  i  -ohm  decades  being  similar  to 
those  in  the  bridges  already  described,  while  the  o.oi  and  o.ooi- 
ohm  decades  are  seciu-ed  by  the  use  of  shunts.  There  are  also 
three  lo-ohm  coils  connected  to  binding  posts,  so  that  the  bridge 
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has  a  range  up  to  about  40  ohms,  the  smallest  step  being  0.00 1 - 
ohm,  and  by  utilizing  galvanometer  deflections  readings  to  o.oooi 
ohm  may  be  made. 

A  bridge  of  this  t3rpe  has  been  made  for  the  Bureau  by  the  Leeds 
&  Northrup  Co.  A  photograph  of  it  is  shown  in  Fig  2.  It  has 
the  advantages  of  compactness,  portability,  and  simplicity.  It 
will  be  necessary  in  some  uses  of  the  bridge  to  take  into  account 
the  temperature  coefficients  of  the  coils  in  making  calculations. 

The  possibilities  of  such  a  bridge  may  be  seen  from  the  following : 
An  accuracy  of  i  in  25  000  in  resistance  measurement  corresponds 
to  an  accuracy  of  o?oo2  at  -190°,  about  o?oi  at  room  temperatures, 
about  o?03  at  500®,  and  about  o?o5  at  1000°. 

By  adding  another  decade  giving  steps  of  0.0001  ohm,  this  bridge 
would  also  be  made  suitable  for  calorimetric  measurements  of  high 
precision,  wh^  used  with  a  calorimetric  thermometer  of  lo-ohms 
fundamental  interval.  In  such  measurements  the  actual  tem- 
perature of  the  coils  is  not  of  importance,  but  it  is  very  essential 
that  the  temperature  remain  constant  at  least  to  o.  i  ®  during  the 
short  time  required  for  an  experiment. 

A  five-dial  bridge  of  this  t3rpe,  which  has  essentially  the  arrange- 
ment shown  in  Fig.  4,  has  been  made  for  the  Btu^au  by  the 
Leeds  &  Northrup  Co. 

A  resistance  thermometer  having  a  fundamental  interval  of  i 
ohm  is  best  adapted  for  use  with  a  bridge  of  this  type  over  a  wide 
range  of  temperature,  since  the  lo-ohm  decade  is  not  required,  and 
the  resistance  is  sufficiently  high,  especially  if  the  potential  terminal 
type  is  used  (see  below)  to  permit  readings  to  the  accuracy  stated 
above. 

6.  MEASUREMENT  OF  POTEIHIAL  TERMINAL  RESISTANCES 

The  advantages  of  thermometers  with  potential  terminals  over 
those  which  depend  upon  a  compensating  method  for  eliminating 
lead  resistances  are  too  obvious  to  require  discussion.  The  resist- 
ances of  such  thermometers  may  be  measiured  with  the  bridges 
described  in  this  paper  by  the  method  illustr^^ted  with  reference 
to  Fig.  6a.  If  r^  and  r,  are  the  equal  ratio  arms  and  the  bridge 
is  balanced,  the  following  relation  holds 

C  and  T  being  the  "current"  leads.     If  now  T  be  connected  to  R 

and  C  to  r,  and  the  battery  connected  to  t,  a  second  balancing  gives 

the  relation 

i?,4-T=X+C. 
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Combining  the  two  equations  gives  X  =  — ^• 


This  method  can  not  be  used  with  a  slide-wire  bridge  of  the 
Callendar-Griffiths  type. 

In  practice  the  interchange  described  is  effected  by  the  use  of  a 
mercury  cominutator,  as  shown  in  Fig.  66.  The  use  of  such  a 
commutator  involves  the  introduction  of  connecting  resistances 
a  and  b.  It  is  evident,  however,  that  if  two  resistances  be  meas- 
ured successively,  the  difference  between  these  resistances  will  be 
determined  correctly,  as  the  difference  of  the  two  values  fotmd. 
One  of  the  two  resistances  may  be  equal  to  zero.    The  points  of 


a 


Fig.  6.- 


-Diagrams  to  illustrate  method  of  measuring  a  potential  terminal  resistance  with 

the  Wheatstone  bridge 


the  commutator  to  which  C  and  T  are  connected  are  therefore  also 
coimected  to  contact  blocks,  which  may  be  short-circuited  by  a 
plug,  the  battery  connection  being  also  made  to  the  plug  at  the 
same  time.  Since  in  this  case  the  two  potential  terminals  coincide, 
the  resistance  so  measured  must  be  equal  to  zero.  Consequently, 
the  difference  between  the  bridge  reading  obtained  in  this  way 
(zero  balance)  and  the  reading  obtained  in  measuring  the  resistance 
of  the  thermometer  will  be  the  resistance  of  the  latter. 

It  should  be  noted  that  the  value  obtained  for  the  resistance  of 
the  thermometer  is  independent  of  the  connections  a  and  6,  and 
also  independent  of  the  resistance  of  the  plug.  It  will,  however, 
be  affected  by  variations  in  the  mercury  contacts  of  the  commu- 
tator. 
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The  method  described  above  was  used  by  H.  C.  Dickinson  and 
the  writer  in  191 1,  and  has  already  been  described  byF.  E.  Smith* 
and  by  D.  R.  Harper,  ^dJ  A  method  of  measuring  the  resistance 
of  a  four-terminal  conductor  by  a  simple  bridge  method  using  a 
commutator  h^ad  previously  been  described  by  Edwards.* 

In  Fig.  7  is  shown  the  plan  of  a  commutator  with  the  necessary 
binding  posts,  etc.,  for  making  the  connections  to  the  bridge  and 
to  the  thermometer.  With  the  commutator  in  the  normal  (N) 
position  the  connections  are  those  of  Fig.  6a.    For  determining 


^^ 


Fio.  J.— Plan  of  commutator.    (ScaUfuU  nn.) 

the  "zero  balance,"  the  comanutator  is  used  in  the  positions  "  JVZ  " 
and  "RZ."  It  is  desirable  to  have  the  comiecting  resistances  so 
adjusted  that  the  bridge  balances  for  "NZ  "  and  "RZ  "  are  practi- 
cally identical  and  the  same  as  the  balances  obtained  when  a  zero 
resistance  is  connected  to  the  binding  posts  to  which  the  ther- 
mometer is  to  be  connected. 

7.  uttbrchaitoer  tor  cokhxctiro  several  teermokbters 

In  many  instances — for  example,  in  intercomparisons  of  ther- 
mometers— it  is  desirable  to  meastu%  the  resistances  of  a  number 
of  thermometers  successively  with  a  single  bridge.     This  may  be 

■  FUL  llic..  VI,  M,  p,  );41  '9"<      '  Ttai>  BuHMId,  II,  t).  tt6:  igt).     *  Proc.  Am.  Acud.,  M,  p.  m«:  isai. 
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done  without  the  necessity  of  connecting  and  disconnecting  the ' 
thermometers  by  means  of  the  arrangement  shown  in 
which  is  arranged  for  four  thermometers, 
of  which  those  not  in  use  are  short-circuited 
by  the  mercury  contact  hnks.  A  separate 
switch  makes  the  appropriate  battery  con- 
nections. Such  a  set  of  contact  blocks  may 
obviously  be  employed  in  connection  with 
a  commutator  as  described  above.  Fig. 
9  shows  the  plan  of  an  interchanger  of 
this  kind  which  is  arranged  to  take  four 
thermometers.  The  5-point  switch  makes 
the  necessary  battery  connections,  the 
zero  position  giving  the  correct  connec- 
tions for  the  "  zero  balance."  The  inside 
row  of  binding  posts  and  the  switch  are  f^o-  s.— BriAj*  iiagram  to  t^ 
mounted  above  the  level  of  the  top,  on  iu,traUm*ihosi^c^«^H»ii 
hard-rubber  blocks.  The  connecting  re- 
sistances shouldbe  adjusted  as  for  the  simple  commutator  described 
above.    With  such  an  arrangement  it  is  possible  to  measure  in 
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Fro.  9. — Plan  t^  commutator  and  inkrekangtr  for  four  iiurmcmtlert.    (Seals  halftitt.) 

rapid  succession  with  a  single  bridge,  and  without  changing  any 
connections,  thermometers  of  the  Callendar  compensated  type,  tire 
Siemens  type,  and  the  potential-terminal  type. 

75741°— 17 4 
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8.  NOTATION 


The  notation  used  in  this  paper  is  applicable  to  either  the  Cal- 
lendar  compensated  type  of  thennometers,  the  Siemens  type,  or 
the  potential-terminal  type.  The  terminals  of  the  bridge,  the 
commutators,  and  of  the  thermometers  are  marked  as  shown  in 
Fig.  lo. 

It  is  obvious  that  the  potential-terminal  thermometer  should 
not  be  connected  directly  to  the  bridge.  The  Callendar  or  Sie- 
mens type  thermometers  are  connected  directly  to  the  bridge> 
connecting  terminals  with  the  same  marking.  Thermometers  of 
these  types  may  also  be  connected  to  the  commutator  and  meas- 
ured when  the  commutator  is  in  the  normal  (N)  position.  If  a 
thermometer  of  the  Callendar  type  is  connected  to  the  commu- 


Comtecr  To  Br*^e 
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C^rT 


^ 


CfyiMfto  TMrmomerm: 


—Diagramt  to  illuttraU  nclatiott 


tator,  both  the  c  and  t  leads  must  be  connected  to  the  point  c  of 
the  commutator.  It  is  preferable  to  mark  the  two  "  C  "  leads  of 
a  Callendar  thermometer  alike  and  also  the  two  "T  "  leads.  If 
this  is  done  the  marking  of  the  leads  will  serve  to  distinguish 
between  a  thermometer  of  the  Callendar  type  and  one  of  the 
potential  terminal  type. 

A  potential  terminal  thermometer  may  evidently  be  used  in 
the  Siemens  bridge  as  a  three-lead  compensated  thermometer  and 
ei^ht  different  combinatjons,  of  which  four  are  independent,  may 
be  made  with  the  four  leads.  It  is  often  desirable  to  be  able  to 
use  a  thermometer  either  as  a  three-lead  or  as  a  potential  terminal 
resistance.  For  example,  in  calorimetric  measurements,  the  use 
of  the  commutator  would  prove  inccmvenient,  and  it  is  improbable ' 
that  the  accuracy  attained  could  be  increased  in  this  way.    To 
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avoid  ambiguities  the  resistance  of  the  thermometer  when  used 
in  the  Siemens  bridge  is  defined  as  the  combination 

X+T-C 

This  requires  the  use  of  the  lead  marked  c  as  the  third  lead.  If 
this  thermometer  is  used  with  a  commutator  adjusted  as  pre- 
viously described,  the  data  obtained  with  the  commutator  in  the 
normal  (N)  position  will  be  applicable  to  the  three-lead  ther- 
mometer, while  the  complete  data  (commutator  "iV"  and  *'J?") 
will  be  applicable  to  the  potential  terminal  thermometer,  and  a 
separate  calibration  of  the  three-lead  thermometer  is  not  necessary. 

9.  SUMMARY 

A  t3rpe  of  Wheatstone  bridge  suitable  for  use  in  resistance  ther- 
mometry is  described,  in  which  plugs  or  dial  switches  are  used 
and  the  circuits  so  arranged  that  the  errors  due  to  contact  resist- 
ances are  no  greater  than  with  the  mercury  contact  bridges  here- 
tofore used.  The  application  of  these  bridges  to  the  measure- 
ment of  resistances  with  potential  terminals  is  described.  A  con- 
venient interchanger  by  means  of  which  several  thermometers 
may  be  successively  measured  with  one  bridge  is  also  described. 

The  methods  described  in  this  paper  have  been  gradually  devel- 
oped to  meet  the  demands  of  the  Bureau's  work  in  resistance 
thermometry  and  represent  therefore  the  joint  work  of  numerous 
members  of  the  Biu-eau  staflF.  A  number  of  the  arrangements 
used  were  suggested  by  Dr.  Dickinson  and  Dr.  Wenner  of  the 
Bureau. 

Washington,  May  20,  191 6. 


THE  DAMPING  OF  WAVES  AND  OTHER  DISTURB- 

ANCES  IN  MERCURY 


By  M.  R  Sdllman,  Amstant  Physick 


In  connection  with  some  work  on  the  adjustment  of  mercmy 
surfaces,  done  by  the  writer  some  time  ago,^  considerable  difficulty 
was  experienced  by  reason  of  the  small  waves  that  formed  on  the 
surface  of  the  mercury  as  a  result  of  the  trembling  of  the  support 
of  the  vessel  containing  the  mercury.  The  present  paper  describes 
a  method  by  which  such  disturbances  of  a  mercury  surface,  as  well 
as  larger  disturbances  of  the  mercury  as  a  whole,  can  be  partially 
or  wholly  eliminated. 

This  method  consists  in  subjecting  the  mercury  to  a  strong 
magnetic  field,  the  direction  of  the  field  being  approximately  at 
right  angles  to  the  direction  of  motion  or  of  impending  motion  of 
some  portion  of  the  merciuy.  The  motion  of  the  mercury  across 
the  magnetic  lines  of  force  tends  to  produce  an  electric  current, 
the  reaction  of  which  with  the  lines  of  force  tends  to  stop  the 
motion  of  the  merciuy. 

Let        / = the  effective  length  of  an  element  of  mercury  which 

is  cutting  the  magnetic  lines  of  force  at  right  angles 
and  the  axis  of  which  is  at  right  angles  to  the  lines 
of  force. 
V = the  velocity  of  the  element  of  mercury  in  a  direction 
at  right  angles  to  the  lines  of  force  and  to  the 
element. 

1  Stillman,  this  Bulletin  10,  p.  371,  Scientific  Paper  No.  914;  29x3. 
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E = the  electromotive  force  produced  in  the  element  by 
the  motion  of  the  mercury, relative  to  the  lines  of 
force. 
/  =  the  electric  current  produced  in  the  element  by  this 

electromotive  force. 
R  « the  electrical  resistance  of  the  elementary  circuit. 
1^  -  the  number  of  Unes  of  force  linked  with  the  elemen- 
tary circuit. 
B  =  the  flux  density ;  that  is,  the  number  of  lines  of  force 
per  unit  area  taken  perpendicular  to  the  direction 
of  the  lines  of  force. 
/  « the  electromagnetic  damping  force  on  the  element  of 
mercury  per  unit  length. 
Now      /=/B 

/-|andE-^ 

But    ^,^lvB 
at 

So  that /-^-^ 

IvB^ 
'  ''"  R 
A  constant  K  is  placed  before  the  second  member  of  this  equation 
to  indicate  that  the  numerical  value  is  dependent  upon  the  tmits 
used.     The  equation  is  then  written 

■ 

If  /  is  expressed  in  dynes,  /  in  centimeters,  v  in  centimeters  pa: 
second,  B  in  gausses,  and  R  in  ohms,  K  will  be  io~*,  so  that 

/  =  io»-^ 

The  total  damping  force,  F,  is  then  the  sum  of  the  damping 
forces  on  all  of  the  elements ;  that  is, 

This  clearly  indicates  the  methods  by  which  the  damping  can 
be  varied. 
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In  order  to  determine  the  effectiveness  of  the  method,  the  experi- 
9ients  described  below  were  performed.  Mercury  to  a  depth  of 
about  I  cm  was  placed  in  a  glass  dish  which  had  a  diameter  of 
43  mm  and  this  was  then  placed  between  the  poles  of  an  electro- 
magnet, Fig.  I .  The  field  of  this  magnet  was  horizontal  and  its 
intensity  was  varied  between  2500  and  10  000  gausses  during  the 
experiments.  It  was  found  that  if  the  itnercury  were  violently 
Imitated  as  a  whole  while  outside  of  the  magnetic  field  and  then 
brought  into  the  field,  the  motion  was  strongly  damped.  The 
inagnitude  of  the  damping  in  a  field  of*  given  strength  was,  as 
expected,  dependent  upon  the  direction  of  motion  of  the  mercury 
relative  to  the  direction  of  the  field.    Thus,  while  violent  osdlla- 

Top  view 


8 


N 


S 


N 


Side  view 
Fig.  I. — Diagram  of  arranffement  of  apparatus 

m 

tions  of  the  merciuy  in  the  direction  CC  at  right  angles  to  the 
direction  of  the  field  persisted  for  a  short  time — although  brought 
to  rest  much  sooner  tiian  they  were  outside  of  the  magnetic  field — 
oscillations  in  the  direction  DD,  parallel  to  the  field,  were  damped 
out  almost  instantly.  Keeping  the  mercury  in  the  field,  it  was 
f  otmd  to  be  very  difficult  to  produce  large  oscillations  in  the  direc- 
tion parallel  to  DD  when  the  field  strength  was  no  greater  than 
approximately  7000  gausses. 

It  is  of  some  interest  and  importance  to  consider  the  conditions 
that  are  responsible  for  the  differences  in  damping  of  the  oscilla- 
tions of  the  mercury  in  different  directions.  Fig.  2  represents  the 
conditions  existing  when  the  horizontal  oscillations  of  the  mercury 
are  at  right  angles  to  the  lines  of  force  of  the  field.    Fig.  3  repre- 
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sents  the  corresponding  conditions  when  the  direction  of  the  hori- 
zontal motion  is  parallel  to  the  direction  of  the  field. 

Considering  Fig.  2,  when  the  horizontal  motion  of  the  mercmy 
as  a  whole  is  in -the  direction  shown  by  the  double  arrows,  an 


8 


N 


Flo.  3. — HoriMontal  motion  of  mercury  at  right  angles  to  lines  of  magnetic  force 

Top  view 
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Side  view 
Fig.  3. — HorisofUal  motion  of  mercury  in  direction  of  lines  of  magnetic  force 

Legend  for  flgures  2  end  3 

»  Dtradkn  of  indiicad  eml  or  ain«nt 

^B  BCofciuy  xifllii( 

O  Mtfciuy  falUng 

9  TiMtiinWl  oml  or  carrant  dirocted  apwoid  or  toward  oboorvw 

®  ladncad  oml  or  ouioat  diractod  downward  from  olMorvor 

upwardnlirected  exnf  is  developed  in  accordance  with  the  laws 
of  electromagnetic  induction  in  all  parts  of  the  mercury  so  moving ; 
but  inasmudi  as  there  is  no  adequate  return  circuit  available, 
very  little  current  flows  and  therefore,  in  accordance  with  the 
formula,  there  is  very  little  damping.    In  addition  to  this  hori- 
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zontal  motion  of  the  mercury,  there  is  a  vertical  upward  motion 
at  the  far  side  (A)  of  the  vessel  and  a  corresponding  downward 
motion  at  the  near  side  (B).  This  produces  two  opposing  emf's, 
as  illustrated  in  Fig.  2,  so  that  also  by  this  last-mentioned  type 
of  motion  little  current  is  produced  and  consequently  the  damping 
is  small. 

In  Fig.  3,  which  illustrates  the  conditions  existing  when  the 
horizontal  motion  of  the  mercury  is  parallel  to  the  lines  of  force 
of  the  field,  it  is  evident  that  no  emf  and  therefore  no  current  is 
produced  by  this  horizontal  motion.  But,  as  in  the  type  of  motion 
first  considered,  this  horizontal  motion  is  accompanied  by  a  rising 
of  the  mercury  on  one  side  of  the  vessel  and  a  corresponding 
falling  on  the  other  side.  These  movements  in  opposite  directions 
produce  emf's  in  opposite  directions,  but  instead  of  opposing, 
these  reinforce  each  other  and  hence  produce  a  current  as  illus- 
trated in  the  figure. 

The  fact  brought  out  in  the  above  discussion,  namely,  that  an 
electric  current  of  an  effective  magnitude  in  the  mercury  is  often 
prevented  by  opposing  electromotive  forces  or  lack  of  a  return 
circuit  of  low  resistance,  suggested  that  if  the  containing  vessel 
were  of  some  nonmagnetic  metal  of  low  resistance  instead  of  the 
electrically  nonconducting  glass,  and  if  the  mercury  were  in  good 
electrical  contact  with  the  metal,  much  greater  damping  might  be 
expected  to  occur,  especially  of  those  oscillations  which  involve  a 
horizontal  movement  of  the  mercury  across  the  lines  of  force. 
Accordingly,  a  brass  vessel  was  constructed,  its  interior  having 
the  same  dimensions  as  that  of  the  glass  vessel  and  having  walls 
about  5  mm  thick.  This  was  supplied  with  the  same  quantity  of 
mercury  as  that  contained  by  the  glass  vessel  and  then  the  oscil- 
lations of  the  mercury  in  the  two  vessels  were  compared,  both 
inside  and  outside  of  the  magnetic  field.  As  was  to  be  expected, 
the  motion  of  the  mercury  in  the  two  vessels  when  the  magnetic 
field  was  not  present  was  practically  the  same.  When,  however, 
the  magnetic  field  was  present  the  effectiveness  of  the  metallic 
container  in  comparison  with  the  glass  container  in  aiding  the 
magnetic  damping  of  the  mercury  was  very  marked.  This  ad- 
vantage was  especially  evident  when  the  horizontal  motion  of  the 
mercury  was  perpendicular  to  the  direction  of  the  magnetic  field, 
the  time  taken  to  completely  damp  the  oscillations  being  only  a 
small  fraction  of  that  required  when  the  glass  vessel  was  employed. 

For  continued  use  a  plain  brass  vessel  would  of  coiu-se  not  be 
satisfactory  because  of  the  tendency  of  brass  and  mercury  to 
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amalgamate.  A  nickel-plated  copper  or  brass  vessel  would  proba- 
bly be  very  successful,  combining  resistance  to  amalgamation  with 
low  electrical  resistance.  When  a  glass  containing  vessel  must 
be  used,  a  nonmagnetic  wire  netting  of  low  electrical  resistance 
and  not  easily  amalgamated  might  be  submerged  just  below  the 
surface  of  the  mercury.  This  would  aid  the  magnetic  field  in 
damping  the  oscillations  by  providing  the  induced  electric  cur- 
rents with  a  return  path  of  high  conductivity,  and  it  would  also 
tend  to  damp  these  oscillations  mechanically. 

These  above-described  experiments  refer  to  the  damping  out  of 
the  relatively  large  oscillations  or  other  large  disturbances  in  a 
mass  of  mercury,  and  it  is  this  t3rpe  of  disturbance  that  the  method 
is  particularly  effective  in  reducing  or  obviating,  since  the  damp- 
ing is  directly  proportional  to  the  velocity  of  the  mercury.  How- 
ever, the  writer  has  also  found  that  the  smaller  ripples  on  the 
mercury  surface  may  also  be  strongly  damped  by  the  use  of  the 
magnetic  field.  In  these  experiments  it  was  found  that  even  by 
the  use  of  the  parallel  transverse  magnetic  field  used  in  the  previ- 
ously described  experiments — a  type  of  field  not  especially  well 
adapted  to  this  piupose — ^the  ripples  were  damped  out  in  less 
than  one-half  of  the  time  required  for  them  to  subside  unaided. 
By  carefully  designing  the  merciuy  container  and  the  magnetic 
field,  making  use  of  the  facts  expressed  in  the  equation,  the  damp- 
ing of  these  waves  could  be  much  increased. 

Attention  should  be  called  to  the  fact  that  it  is  not  always  neces- 
sary to  expose  the  entire  surface  of  the  mercury  to  the  magnetic 
field  in  order  to  secure  this  damping  effect  on  the  ripples;  but, 
smce  the  damping  force  varies  as  the  square  of  the  field  strength, 
it  would  in  many  instances  be  more  economical  to  make  the  field 
strength  large  and  to  limit  its  operation  to  a  comparatively  small 
area  at  that  portion  of  the  system  where  the  mercury  motion  and 
the  electrical  conductivity  are  most  favorable  for  damping. 

While,  as  it  is  almost  unnecessary  to  state,  some  simpler  method 
than  above  described  may  generally  be  used  to  damp  out  the 
motion  in  a  mass  of  mercury,  it  is  very  probable  that  this  method 
used  by  itself  or  in  conjunction  with  some  other  method  will  fre- 
quently be  found  to  have  distinct  advantages.  It  is  suggested 
that  it  might  sometimes  be  used  when  accurate  adjustments  of 
mercury  surfaces  at  sea  are  desired  and  in  other  places  where 
unsteadiness  of  the  mercury  container  is  imavoidable. 

Washington,  April  15,  191 6.. 
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1.  NECESSITY  FOR  DEVELOPING  THE  INSTRUMENT 

In  the  work  of  testing  current  transformers  at  this  Bureau 
the  need  arose  for  a  viable  inductor,*  to  have  a  range  of  varia- 
tion of  about  I  millihenry  and  to  carry  5  amperes  continuously. 
It  was  also  necessary  that  the  resistance  should  be  as  low  as 
practicable  consistent  with  reasonable  dimensions.  As  no  instru- 
ment meeting  the  requirements  was  on  the  market,  the  design 
of  an  apparatus  of  this  kind  was  tmdertaken. 

The  tjrpe  of  instrument  which  was  devised  as  a  result  of  this 
investigation  is  not  limited  in  its  application  to  the  work  of 
testing  cturent  transformers,  but  is  applicable  wherever  it  is 
necessary  to  vary  the  self-inductance  of  a  circuit  or  the  mutual 
inductance  between  two  circuits  while  keeping  the  resistance 
constant.  It  was  therefore  considered  desirable  to  give  a  descrip- 
tion of  the  apparatus  and  to  compare  its  performance  with  that 
of  other  instruments  now  available  for  this  class  of  work. 

'  The  txpnukn  "  variable  laductor"  is  soggested  for  tuch  instniments  as  being  prefeiable  to  the  usual 
wordings  ''variable  inductanoe/'  "variable  standaM  of  inductance,"  or  "variable  standard  of  self-indue* 
tkn."  It  is  felt  that  the  word  "inductance"  should  be  reserved  for  the  property  of  the  apparatus  and 
Should  not  be  used  for  the  apparatus  itsdf .  A  similar  tendency  is  seen  in  the  growing  use  of  the  wocd 
Vfcsistor  "  to  signify  a  coil,  grid,  or  other  device  used  because  of  its  reristanoe. 
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2.  EXISTING  INSTRUMENTS  AND  THEIR  LIMITATIONS 

The  first  conunercial  variable  inductor  was  the  one  designed  by 
Ayrton  and  Perry,*  in  which  the  fixed  coil  and  the  moving  coil 
are  each  wound  as  belts  on  concentric  spherical  surfaces.  While 
this  inductor  would  give  the  required  values  of  resistance  and 
inductance  if  wound  with  wire  of  suitable  size,  it  has  the  draw- 
back of  being  non-astatic.  The  coils  inclose  a  large  area,  and 
when  current  flows  through  them  a  very  appreciable  magnetic 
field  is  set  up  whidi  may  affect  other  parts  of  the  drcuit.  Con- 
versely, the  variation  of  magnetic  fields  set  up  by  other  parts  of 
the  circuit  will  induce  disturbing  electromotive  forces  in  the  coils. 
In  either  case  errors  of  appreciable  amount  may  arise  unless  care 
is  taken  to  keep  individual  instruments  at  a  sufficient  distance 
apart. 


T 
c 

A 


Fio.  I. — Coil  tff  Maxwell propotliotu for  titaximMm  tinueomlant 

Two  other  commercial  forms  were  available,  namely,  the 
Mansbridge,*  and  a  form  similar  to  it  in  external  appearance, 
originally  made  by  Nalder  Eros.  &  Co.  Eadi  of  these  instru- 
ments consisted  of  two  circular  plates  of  hard  rubber,  the  lower 
plate  containing  two  fixed  coils,  while  the  upper  plate,  containii^ 
two  similar  coils,  could  be  turned  about  a  central  pivot  carried 
by  the  lower  plate.  The  scale  divisions  of  the  Nalder  instru- 
ment were  very  unequally  spaced,  and  the  time  constant  of  the 
Mansbridge  instrument,  in  the  size  in  which  it  is  regularly  manu- 
factured, was  too  low  for  the  given  special  purpose. 


Brookil 
WMVtrJ 


A  Variable  Self  and  Mutual  Inductor 


571 


3.  PRELIMINARY  BASIS  FOR  THE  DESIGN 

As  a  starting  point  in  the  new  design,  use  was  made  of  the  pro- 
portions given  by  Maxwell^  for  a  circular  coil  of  square  cross  sec- 
tion to  give  the  Tnayitnum  value  of  time  constant  for  a  given  xnass 
of  wire.  Such  a  coil  is  shown  to  scale  in  Fig.  i .  Maxwell  stated 
that  for  mayimum  time  constant  fhe  mean  diameter  a  should  equal 
3.7  times  fhe  side  c  of  the  winding  cross  section.*  The  original 
idea  was  to  use  two  sets  of  interleaved*  coils,  each  set  when  in  the 
position  of  maximum  inductance  to  be  equivalent  to  a  single  coil 
of  the  Maxwell  proportions.    The  arrangement  is  shown  diagram- 
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Fig.  a. — Sets  of  interUaved  coils  as  used  in  experimental  variable  inductor 


matically  in  Fig.  2,  where  Ft  and  F,  are  the  fixed  coils  of  the 
left-hand  group  and  Mi  the  moving  coil.  By  making  Mi  of  twice 
the  axial  thickness  of  either  fixed  coil,  so  that  it  contained  as  many 
turns  as  Fi  and  F,  together,  the  inductance  of  the  group  with  Mi 
opposing  the  fixed  coils  has  as  low  a  value  as  can  be  obtained, 
except  by  subdivision  of  the  group  into  five,  seven,  nine,  etc.,  sec- 
tions. While  this  further  subdivision  is  possible,  it  was  thought 
best  for  mechanical  considerations  to  limit  the  number  of  coils  in 
each  group  to  three. 

^Maxirell,  Blectridty  and  Magnetism,  3d  ed.,  S,  pp.  345-346. 

*  It  has  noenUy  been  dioini  that  for  niAidmimi  time  oQDStant  the  nManc^^  times 
the  side  c    See  paper  by  Shawcroas  and  Wells,  Blectxidan.  75,  p.  64: 1915. 

*  This  intexkavingol  the  ooiis  was  felt  from  the  start  to  be  an  important  feature  for  reasons  given  on  p  579 
in  the  discussion  of  the  Nalder  and  the  Mansbridge  inductors. 
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4.  SCALE  LAW  OF  CIRCULAR  COILS 

As  there  was  reason  to  fear  that  the  scale  law  of  such  a  variable 
inductor  might  not  be  satisfactory,  a  wooden  frame  canying  two 
such  sets  of  coils  was  constructed  to  test  this  point  experimentally, 
since  to  do  so  by  mathematical  analysis  would  be  very  difficult.^ 
The  apparatus  is  shown  in  Fig.  3  and  the  curve  A  in  Fig.  4  shows 
the  manner  of  variation  of  the  inductance  when  the  moving  coils 
are  turned  through  i8o®.  It  will  be  seen  that  at  two  angular 
positions  the  rate  of  change  of  the  inductance  is  zero,  and  hence  in 
the  vicinity  of  these  points  no  scale  divisions  can  be  placed.  Also, 
between  the  positions  75®  and  iio^  the  inductance  decreases  with 
increasing  angle,  while  over  the  rest  of  the  range  the  reverse  is 
true.  The  scale  of  such  an  instrument  would  therefore  not  be 
figured  between,  say,  60®  and  120®,  and  its  use  would  be  very 
inconvenient,  especially  when  making  settings  in  balance  methods 
without  looking  at  the  scale. 

Experiments  were  made  with  the  two  groups  of  circular  coils 
at  different  distances  apart.  It  was  found  that  when  the  two 
groups  were  brought  almost  into  contact  a  much  better  scale 
law  was  obtained.  However,  such  an  arrangement  leaves  no 
room  for  the  shaft  about  which  the  coils  must  rotate,  and  further 
improvement  was  sought  by  modifying  the  form  of  the  coils. 

5.  SCALE  LAW  OF  LINK-SHAPED  COILS 

It  was  very  desirable  to  secure  a  uniform  scale,  while  keeping 
each  group  of  coils  as  close  to  the  Maxwell  proportions  as  possible. 
By  empirical  reasoning  the  cause  of  the  imfavorable  part  of 
curve  A,  Fig.  4,  was  ascertained,  and  the  conclusion  was  reached 
that  the  defect  might  be  eliminated  by  elongating  the  coils  into 
an  approximately  elliptical  form  with  the  longer  axes  perpendicular 
to  the  line  joining  the  centers  of  the  two  coil  groups.  Trial 
with  a  rough  model  gave  encouraging  results.  The  new  curve 
did  not  show  the  imdesirable  maximum  and  minimum  of  curve  A. 
The  inductance  increased  continually  as  the  moving  coil  .was 
turned  from  the  initial  position,  but  the  curve  was  such  as  to 
give  scale  divisions  of  very  unequal  length  in  different  parts  of 
the  range. 

A  large  mmiber  of  experiments  were  now  made,  in  which  the 
form  of  the  coil,  the  spacing  of  the  coil  groups,  and  the  angle 

V  A.  Ouapbcn,  PhiL  Mac.,  6tb  Kries,  1(,  p.  167;  X908.    S.  Butterworth,  PhiL  2£a(.,  6th  scries,  tl,  p.  44s: 

19x6. 


Bullstln  Buruu  of  Standardi,  Vol.  13 


Fig.  3. — Exptrinunlal  variable  inductor  with  circular  coils 
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between  the  longer  axes  of  the  coil  and  the  line  joining  the  centers 
of  the  coil  groups  were  each  varied  separately,  a  curve  being 
detennined  for  each  case.  While  several  arrangements  were 
found  which  would  give  scales  as  uniform  as  those  of  other 
variable  inductors  in  use,  the  advantages'  of  a  linear  scale  (one 
having  divisions  of  imiform  length)  are  so  great  that  the  work 
was  continued  imtil  a  compact  arrangement  of  coils  of  simple 
geometric  form  aijid  high  time  constant  was  determined  which  gave 
this  result,  as  closely  as  physical  limitations  seem  to  permit.  In 
the  course  of  this  work  valuable  suggestions  were  received  from 
Dr.  F.  W.  Grover  and  Dr.  H.  L.  Curtis. 


Fio.  5. — Plan  cfUnk-^haptd  groups  of  coils 

The  arrangement  is  shown  in  plan  in  Pig.  5.  The  link-shaped 
coil  groups  may  be  thought  of  as  made  by  cutting  the  circular 
coil  groups  in  halves  by  a  plane  at  right  angles  to  the  plane  of 
the  coils,  separating  the  two  halves  by  a  distance  d,  and  then 
joining  the  cut  stufaces  by  straight  portions  of  winding  to  com- 
plete the  link.  The  depth  of  the  group,  perpendicular  to  the 
paper,  equals  c,  the  radial  breadth.  The  centers  of  the  two  coil 
groups  are  separated  by  a  distance  2R.  To  secure  uniformity 
of  the  scale  requires  a  particular  value  of  /?,  the  half  distance 

*  These  advantages  are,  in  part,  as  follows:  The  scale  is  easier  to  make  and  it  is  easier  to  interpolate 
between  divisions.  In  checking  the  instrument  from  tbne  to  time,  (ewer  points  need  to  be  tested.  If 
a  small  displacement  of  the  scale  or  of  the  fiducial  mark  occurs,  a  small  error  is  introduced  which  is  of  nearly 
the  same  absolute  value  for  all  points  of  the  scale,  while  for  an  instrument  having  scale  divistoiis  of  very 
unequal  length  the  same  displacement  may  make  the  absolute  error  in  some  parts  of  the  scale  mucfa  greater 
than  in  others. 
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between  the  centers  of  the  coil  groups.  The  relative  values 
were  determined  to  be  as  follows,  r  being  the  mean  radius  of 
the  circular  part  of  the  coil. 

c=o.-jSr 
d=2.2r 
R=2.26r 

From  these  relations  it  follows  that — 

ri=o.6ir 

Referring  to  Fig.  4,  the  three  curves  G,  H,  and  /  show  the 
^ect  of  a  variation  of  dimension  R  on  the  scale  law.  Curve  H 
is  for  the  normal  value  of  J?  (=2.26r}  and  gives  a  linear  scale  over 
the  angtdar  range  of  30"  to   150**;  movement  from  the  initial 


Fig.  6. — Crois-nctional  mrui  o/*  variable  inductor 

position.  The  curve  must  become  horizontal  at  0°  and  tSo",  and 
it  will  be  noted  that  the  change  of  slope  from  30°  to  0°  and  150" 
to  180°  is  gradual.  Curve  G  shows  the  effect  of  increasing  ,R 
by  6  per  cent.  Since  the  length  of  a  scale  division  at  any  part 
of  the  curve  is  proportional  to  the  reciprocal  of  the  slope  of  the 
curve,  the  divisions  would  be  about  twice  as  large  at  the  90'' 
position  as  over  the  range  from  30°  to  70°  or  from  tio*  to  150*. 
A  similar  condition  exists  in  curve  /,  for  w;hich  R  was  6  per  cent 
smaller  than  normal  value,  but  in  this  case  the  scale  diviiaons 
are  about  three-fourths  as  long  at  90°  as  in  the  other  two  parts 
of  the  scale  above  mentioned. 

Curves  B  to  F  of  Fig.  4  are  given  for  comparison.  B  is  for 
a  Campbell  mutual  inductor,'  and  was  determined  from  measure- 

•  A  Qanpbdl.  PbH.il^.,  «b  aaita.lt,  pp.  i]j-i7t:  19118.  Id  this  instmnatt  the  difficnttr  >hoini  br 
OUTK  A  ii  awoided  b7  ming  a  circular  moving  coil  eccentrically  piTotcd  bctwcoi  two  fixed  circular  coUa 
which  are  at  a  lelativcly  larie  dittance  apart.  Thli  afrtmaneit,  bownn,  1>  not  nitable  for  use  a*  a 
variable  nAl  inductcr.  because  it  makea  the  mutual  Lnductaacc  ao  imall  in  cncpariion  with  the  adi 
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ments  of  the  scale  of  the  instrument.  E  and  F  are  for  the  lower 
and  higher  ranges  of  a  Mansbridge  variable  inductor,  and  were 
plotted  from  a  facsimile  scale  given  in  a  circular  issued  by  the 
(American)  maker.  Curves  C  and  D  are  for  variable  inductors 
of  Ayrton-Perry  form,  made  by  an  American  firm. 

I         6.  DESCRIPTION  OF  THE  NEW  INSTRUMENT 

Using  the  proportions  given  on  page  575,  a  variable  inductor 
was  constructed  by  Joseph  Ludewig,  of  the  instnmient  shop  of 
this  Bureau.  Fig.  6  shows  a  cross  section  along  the  line  A  A  of 
Fig.  5.  The  value  of  r,  the  mean  radius  of  the  circular  part  of  the 
coUs,  is  36.8  mm.  The  coils  are  mounted  in  three  hard-rubber 
disks,  of  which  the  inner  one  is  provided  with  bronze  spindles 
which  tiun  in  brass  bushings  in  the  upper  and  lower  plates  respec- 
tively. The  two  outer  disks  -are  held  together  by  six  screws  and 
separating  pieces  and  form  the  body  of  the  instnanent.  The 
diameter  of  these  disks  is  35.5  cm  (14  inches).  The  bronze 
spindles  of  the  movable  disk  also  serve  to  carry  current  to  and 
from  the  moving  coil.  Heavy  copper  spirals  protected  by  hard- 
rubber  caps  carry  the  current  to  the  spindles.  It  was  not  con- 
sidered feasible  to  carry  current  through  the  bearing,  as  a  variable 
and  uncertain  resistance  is  very  bad  in  the  secondary  circuit  of  a 
current  transformer  and  makes  serious  trouble  in  most  work  for 
which  a  variable  inductor  is  used.  Stops  are  provided  to  limit 
the  motion  of  the  inner  coil  to  180^. 

The  actual  number  of  turns  of  wire  is  shown  in  Fig.  6.  For 
example,  each  fiixed  coil  is  woimd  in  nine  layers  of  two  turns  each. 
The  wire  is  stranded,  being  made  of  seven  insulated  copper 
wires  of  0.8  mm.  diameter  (No.  20  B.  &  S.  gage),  the  conductor 
so  formed  having  a  cross-sectional  area  of  3.6  mm'.  The  design 
was  made  on  the  basis  of  a  range  of  variation  of  i.i  millihenrys. 
The  uniformity  of  the  scale  may  be  seen  from  Fig.  7,  which  shows 
the  inner  disk  alone.  The  scale  is  figured  in  microhenrys,  each 
division  being  5  microhenrys.  The  useful  part  of  the  scale  is 
from  125  to  1225  microhenrys.  From  325  to  1025  microhenrys 
the  scale  is  uniformly  divided  to  within  the  limits  of  the  measure- 
ment of  the  inductance.  It  is  not  possible  to  secure  an  arrange- 
ment of  coils  which  will  give  a  uniform  scale  through  the  entire 
180®,  as  this  requires  either  that  the*  fixed  coils  and  the  movable 
coils  would  have  to  coincide  at  o®  and  180*^  or  each  coil  group 
would  have  to  contain  an  infinite  number  of  infinitely  thin  sections. 


FlO.  7- — inner  disk  of  lariable  induclor,  about  ^  site 


Fig.  8. — VanabU  inductor,  about  \i  n 
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However,  it  will  be  noticed  that  below  325  and  above  1025  micro* 
henrys  the  length  of  the  scale  divisions  decreases  gradually  until 
the  points  150  and  11 75  are  reached.  There  are  no  points  within 
the  working  range  where  abrupt  change  of  scale  law  occurs,  and 
this  fact  assists  greatly  in  making  an  accurate  scale  and  in  inter- 
polating between  adjacent  scale  divisions. 

The  four  fixed  coils  are  connected  in  series  and  brought  out 
to  two  binding  posts,  and  the  two  movable  coils  in  series  to 
another  pair  of  binding  posts.  The  scale  is  figured  to  read  the 
self-inductance  with  all  the  coils  in  series.  By  using  the  fixed 
coils  and  the  movable  coils  as  primary  and  secondary  the  instru- 
ment becomes  a  variable  mutual  inductor.  To  avoid  confusion, 
a  scale  for  reading  the  values  of  mutual  inductance  was  not  added. 
The  mutual  inductance  is  found  *®  by  subtracting  669  micro- 
henrys  from  the  reading  and  dividing  the  rejnainder  by  2.  A 
table  of  values  of  mutual  inductance  corresponding  to  readings 
on  the  self-inductance  scale  may  be  used. 

With  the  coils  in  series  the  resistance  is  0.35  ohm  and  the  time 
constant  for  maximum  inductance  setting  is  3.4  milliseconds." 
The  time  constant  of  the  A)rrton-Perry  inductor,  which  occupies 
several  times  the  space  required  by  the  form  herein  described,  is 
about  4.5  milliseconds,  and  that  of  the  Mansbridge  is  1.6  milli- 

_  ■ 

seconds.  In  comparing  time  constants  of  different  types  of 
inductors,  it  should  be  remembered  that  a  fair  comparison  must 
take  into  account  the  relative  space  occupied  by  each  instnunent. 
The  time  constant  for  any  model  may  be  increased  by  increasing 
the  dimensions. 

The  complete  instnunent  is  shown  in  Fig.  8.  The  upper  fixed 
disk  is  cut  away  to  show  the  scale  and  has  a  fiducial  mark.  The 
instnunent  has  been  in  use  for  several  years  and  has  been  satis- 
factoiy  except  that  trouble  has  occurred  at  times  from  the  sticking 
of  the  moving  disk.  At  the  time  the  instrument  was  planned 
hard  rubber  was  known  to  be  liable  to  gradual  change  of  form, 

^  In  any  nich  arrangement  of  two  sets  of  coils  whose  mutual  inductance  can  be  varied  by  change  of 
relative  xxwition, 

I^Li+Ls±aAfis 

where  L  is  the  total  self-inductance,  L\  is  the  self-inductance  of  one  set  of  coils  akme,  Li  that  of  the  other, 
and  Jl/11  the  mutual  inductance  of  one  set  on  the  other.  When  the  coils  are  so  placed  that  Af  is  is  zero, 
L*-  Li+LfC,  a  constant  for  the  given  apparatus.    From  this  it  follows  that  for  any  position  of  Che  coils 

< 

"  This  value  would  be  greater  if  solid  wire  were  used,  as  would  be  the  case  for  smaller  wire  for  ordinary 
frequencies,  because  the  space  factor  of  the  stranded  conductor  is  low.  The  conductor  being  rather  large, 
It  was  thought  best  to  strand  it  as  a  x>recaution  against  change  of  inductance  with  frequency. 
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but  it  seemed  to  be  the  best  material  for  the  purpose  when  making 
a  single  instrument  by  machining  the  disks  to  shape.  The  use  of 
modem  molded  insulating  materials  gives  promise  of  satisfactory 
performance  in  this  respect.  Referring  to  Pig.  6,  the  connections 
are  such  that  the  two  sets  of  fixed  coils  have  opposite  magnetic 
polarities,  as  viewed  from  above,  and  the  two  moving  coils  also 
have  opposite  polarities.  This  astatic  construction  tends  to 
reduce  trouble  from  stray  magnetic  fields. 

7.  DESIGN  PROCEDITRB 

In  the  design  of  the  windings  to  give  a  definite  mgYim^itn 
inductance  the  general  procediure  was  as  follows.  The  effect 
of  mutual  inductance  between  the  left-hand  group  of  coils  (Fig.  6) 
and  the  right-hand  group  contributes  3  per  cent  to  the  total  self- 
inductance  of  all  the  coils  in  the  position  for  maximum  inductance, 
but  this  may  be  neglected  and  each  group  be  computed  to  give 
one-half  of  the  maximum  value  of  self -inductance  required.  Each 
group  is  considered  as  a  coil  of  square  cross  section  which  may 
be  imagined  as  having  been  originally  woimd  as  a  circular  coil  and 
then  flattened  into  the  link  form.  For  design  purposes,  where  an 
accuracy  of  i  or  2  per  cent  suffices,  it  may  be  stated  that  the 
inductance  of  the  link-shaped  coil  will  bear  the  same  ratio  to  the 
inductance  of  the  circular  coil  as  the  area  inclosed  by  the  mean 
turn  of  the  link-shaped  coil  bears  to  the  area  inclosed  by  the  mean 
turn  of  the  circular  coil."  The  inductance  of  the  circular  coil  is 
conveniently  calculated  with  sufficient  accuracy  by  Maxwell's 
approximate  formula." 

However,  a  simpler  design  procedure  may  now  be  based  on  the 
observed  performance  of  the  instrument  here  described,  and  from 
its  constants  new  values  of  dimensions  and  of  number  of  turns  of 
wire  may  be  computed  to  meet  any  given  requirements.  First, 
the  time  constant  may  require  to  be  changed.  This  may  be 
accomplished  by  changing  all  the  dimensions,  while  keeping  the 
same  proportions.  The  factor  m,  by  which  all  the  dimensions 
must  be  multiplied,  may  be  found  from  the  relation  that  for  coils 
of  similar  form  woimd  with  wire  having  the  same  space  factor  the 
time  constant  varies  directly  as  the  square  of  a  given  linear  dimen- 
sion and  is  independent  of  the  size  of  the  wire.  The  inductance, 
however,  varies  as  the  first  power  of  a  given  dimension,  hence  the 

inductance  of  the  new  set  of  coils  will  be  m  times  the  inductance 

■ — — • — ■-■'■■  » 

"  This  ratio  for  the  instrument  here  described  is  0.830. 

>s  Maxwell.  Electricity  and  Masnetism.  3d  ed.,  S,  {>p.  345-346. 
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of  the  original  set"  This  value  of  inductance  will  not  be  what 
is  wanted,  in  general,  and  the  size  of  the  wire  to  be  used  "  to 
give  the  desired  inductance  may  be  found  from  the  relation  that 
for  a  coil  occupying  a  given  space  the  inductance  varies  directly 
as  the  square  of  the  number  of  turns  of  wire  in  the  coil. 

It  is  a  good  plan  to  check  the  computed  results  by  making  a 
temporary  wooden  form  in  which  can  be  wound  a  trial  coil  of  the 
computed  size  of  wire  occupying  the  same  space  as  the  three  coils 
composing  one-half  the  windings  of  the  instrument;  that  is,  two 
fixed  coils  with  the  moving  coil  between  them.  This  coil  should 
have  an  indtictance  equal  to  one-half  of  the  maximum  value  of 
inducttoce  desired  in  the  finished  instrtmient  at  the  upper  end  of 
the  range. 

8.  OTHER  INSTRUMENTS  OF  SIMILAR  FORM 

This  instrument  was  designed  and  constructed  about  five  years 
ago.  Since  then  a  number  of  similar  ones  have  come  to  our 
notice.  One  designed  by  RendahP*  and  made  by  the  Gesell- 
schaft  fiir  drahtlose  Telegraphic  has  two  D -shaped  coils  in  a  cir- 
cular hard-rubber  plate  above  which  turns  a  similar  plate  and  set 
of  coils.  The  coils  were  wound  in  sections  so  that  the  range  may 
be  varied  by  changing  the  connections.  Very  similar  instruments 
were  patented  by  Ferris  and  by  Einstein."  We  have  no  informa- 
tion concerning  the  scale  law  of  these  instruments  or  the  rela- 
tive dimensions  of  their  parts.  They  have  an  inherent  defect 
which  is  also  found  in  the  Nalder  "  and  Mansbridge  forms,  namely, 
that  a  slight  axial  displacement  of  the  disks  from  their  normal 
relative  position  will  appreciably  change  the  inductance.  Such  a 
displacement  may  result  from  wear  or  loosening  of  the  bearing, 
or  from  change  of  form  of  the  disk.*'  In  the  construction  described 
in  this  paper,  the  disks  holding  the  two  sets  of  fixed  coils  are 
rigidly  coimected.  A  slight  axial  displacement  of  the  movable 
disk  will  not  aflfect  the  inductance,  because  the  change  caused  by 
its  movement  away  from  one  fixed  disk  is  compensated  by  the 
change  caused  by  its  approach  toward  the  other. 

^*  This  assumes  that  the  number  of  turns  of  wire  is  not  altered.  If  all  the  dimensions  of  a  coil  are 
increased  to  m  times  their  original  value,  the  size  of  the  wire  remaining  unchanged,  the  inductaaoa 
inrrfaiH»s  to  m*  times  its  original  value. 

>*  The  wire  must  of  course  be  large  enough  to  carry  the  desired  current. 

1*  Markau,  Die  Telephonie  ohne  Draht,  pp.  96--9S;  19x3. 

"  Nesper,  Jahrbuch  der  drahtlosen  Telcg.  und  Teleph..  2;  pp.  3a6^s39;  X90»-9. 

>*  The  variable  inductor  referred  to  in  this  paper  as  the  Nalder  is  no  longer  made  by  Nalder  Bros.  &  Co. 

>*  Hard  rubber  (ebonite)  yields  slowly  to  stress,  behaving  somewhat  like  a  very  viscous  li<iuid.  Its 
high  electrical  resistance  and  the  ease  with  which  it  can  be  machined  have  caused  it  to  be  very  wlddy 
used  in  spite  of  its  defects.  It  has  the  drawback  of  suffering  great  depreciation  of  its  surface  insulatico 
when  exposed  to  light,  moisture,  and  dust. 
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9.  DESIRABLE  FEATURES  IN  A  VARIABLE  INDUCTOR 

The  desirable  features  to  be  obtained  in  a  variable  inductor  are 
given  below,  on  the  assumption  that  the  instrument  is  used  to 
give  variable  self -inductance. 

1.  High  time  constant  (ratio  of  inductance  to  resistance)  for 
the  space  occupied  by  the  instrument.  This  should  be  based  on 
the  maximum  value  of  the  inductance  at  the  upper  end  of  the 
useful  part  of  the  scale  and  not  on  any  greater  value  which  is 
beyond  the  useful  part  of  the  scale. 

2.  Large  ratio  of  the  maximum  inductance  to  the  minimum 
inductance.  Neither  of  these  values  must  be  outside  the  useful 
part  of  the  scale. 

3.  Astaticism. 

4.  Linear  scale. 

It  is  probable  that  the  instrument  herein  described  fulfills 
requirements  i  and  4  about  as  well  as  can  be  done.  Some  gain 
in  time  constant  may  be  possible  by  starting  with  coils  having 
Maxwell  proportions  as  corrected  by  Shawcross  and  Wells,*®  since 
this  would  give  a  slightly  more  compact  coil  as  the  starting  point. 
The  improvement  may  not  be  great  enough  to  warrant  the  labor 
of  determining  by  trial  the  relative  dimensions  for  uniform  scale, 
though  if  such  a  scale  is  possible,  the  labor  would  doubtless  be 
much  less  than  that  required  in  determining  the  proportions  given 
in  this  paper. 

Requirement  2  can  be  more  fully  met,  though  at  some  sacrifice 
of  I,  by  reducing  the  axial  thickness  of  the  coil.  Experiments 
were  made  with  coils  of  one-half  the  thickness. given  by  the  pro- 
portions of  page  575.  It  appeared  to  be  feasible  to  increase 
the  ratio  of  maximum  to  minimum  to  about  18  or  20,  but  this 
gain  is  oiSset  by  a  loss  of  about  40  per  ceat  in  the  time  constant. 

Requirement  3  could  be  more  fully  met  by  a  design  using  four 
sets  of  coils  spaced  90^  apart  arotmd  the  circular  disks,  but  this 
would  reduce  the  scale  to  one-half  its  present  length. 

It  is  therefore  believed  that  the  present  design  most  nearly 
balances  conflicting  requirements,  and  that  the  labor  of  developing 
the  other  forms  would  only  be  justified  if  unusual  requirements 
were  to  be  met. 

Washington,  May  26,  191 6. 

to  Shawcross  and  Wdb,  Blrctrfaiiii,  7ft,  v*  64:  sgis- 
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L  INTRODUCTION 

The  remote  control  of  electrical  apparatus  and  machinery 
has  an  extensive  technical  application,  but  the  range  and  pre- 
cision of  adjustment  required  in  a  great  deal,  of  laboratory  work 
are  greater  than  are  provided  for  in  regular  commercial  equip- 
ment. The  apparatus  here  described  is  in  use  in  the  laboratory  of 
the  Btireau  of  Standards  for  testing  electrical  measuring  instru- 
ments, instrument  transformers,  and  similar  testing  and  investiga- 
tional work.    Much  of  it  would  also  be  ai^licable  to  other  purposes. 
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I.  Scope. — ^The  range  and  scope  of  a  remote  control  system 
required  for  such  work  is  well  illustrated  in  testing  wattmeters 
or  watthour  meters  on  low  power  factor,  using  separate  sources 
for  current  and  voltage.  For  the  best  conditions  the  observer 
should  have  both  a  coarse  and  a  fine  control  of  frequency,  cur- 
rent, voltage,  and  power  factor.  If  a  test  of  the  standard  instru- 
ment on  direct  current  is  included,  two  other  controls  are  neces- 
sary for  the  direct  current  and  voltage.  To  accomplish  this 
without  the  use  of  some  system  of  remote  control  would  require 
the  observer  to  have  access  to  at  least  10  rheostats,  5  for  fine  and 
5  for  coarse  adjustment,  as  well  as  to  some  phase  shifting  device. 

As  will  be  shown  in  detail  later,  the  system  described  provides 
the  same  flexibility  of  control  by  the  use  of  a  single  multiple- 
lever  controller,  each  lever  giving  a  two-direction,  two-speed 
control  of  voltage,  frequency,  power  factor,  and  current,  respec- 
tively. The  purpose  of  the  two  speeds  is  to  provide  coarse  and 
fine  adjustment.  The  controllers  may  be  used  in  connection  with 
any  one  of  five  motor-generator  sets,  each  of  which  has  three  or 
more  machines  on  the  same  shaft.  Provision  has  been  made  to 
extend  the  system  so  as  to  include  additional  machines.  The 
machines  are  all  small,  the  largest  having  a  capacity  of  but  25 
kilowatts. 

n.  CHOICE  OF  SYSTEM 

There  are  various  arrangements  which  might  be  used  for  such  a 
sjrstem  of  remote  control,  and  it  may  be  well  to  mention  a  few 
of  the  qDnsiderations  which  led  to  the  adoption  of  the  system 
described. 

Most  of  the  disadvantages  which  are  mentioned  below  as  apply- 
ing to  the  various  possible  arrangements  could  be  overcome  by 
sufficient  complication  in  design,  but  such  detailed  considerations 
can  not  be  entered  into  here.  Only  a  general  outline  of  the  simpler 
of  the  possible  arrangements  will  be  attempted 

I.  Advantages  of  Using  a  Single  Rheostat. — ^Where  both  a  wide 
range  and  fine  steps  are  required  it  is  customary  to  use  two  rheo- 
stats, one  for  fine  and  one  for  coarse  adjustment.  While  this  gives 
a  wide  range  and  accuracy  of  adjustment  with  relatively  small 
rheostats,  the  wiring  is  considerably  more  complicated  than  in 
the  case  of  a  single  rheostat,  and  two  operating  motors  are  required. 
Moreover,  a  single  rheostat  is  more  convenient  to  operate  if  it  can 
be  arranged  to  give  the  necessary  range  and  acctu^acy  of  adjust- 
ment with  a  single  control  handle,  as  the  aimoyance  of  having  to 
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continually  change  from  one  handle  to  another  is  obviated.  In 
using  two  rheostats  one  frequently  finds  that  he  has  reached  the 
limit  of  the  fine  adjustment,  and  so  has  to  change  to  the  coarse 
adjustment  and  back  again.  From  these  and  other  considera- 
tions it  was  decided  to  attempt  the  use  of  a  single  rheostat  with  ia 
single  control  handle,  rather  than  one  rheostat  for  coarse  and  one 
for  ^e  adjuistment. 

2.  Methods  Available. — ^For  the  accm^cy  of  adjustment  and 
range  of  resistance  required  in  the  present  case  any  ordinary  slide* 
wire  device,  such  as  straight  bifilar  wires,  or  wires  on  the  edge  of  a 
disk,  was  entirely  out  of  the  question.  However,  four  different 
methods  suggest  themselves  for  securing  the  necessary  range  of 
resistance  in  a  single  rheostat  suitable  for  motor  operation.  In 
each,  coarse  and  fine  adjustment  may  readily  be  secured  by  operat- 
ing the  motor  at  widely  different  speeds. 

(a)  Winding  resistance  wire  (or  tape)  on  a  long,  insulated  tube, 
contact  being  made  by  a  brush  moved  lengthwise  on  the  tube, 
similar  to  well-known  t3rpes  of  commercial  rheostats.  For  short 
rheostats  the  brush  may  be  driven  by  a  worm,  but  for  long  ones  it 
is  practically  necessary  to  operate  it  by  a  cord  passing  over  a  pul- 
ley driven  by  the  motor.  This  is  the  method  finally  adopted. 
(For  cross  section  of  rheostat,  see  Fig.  i .) 

(6)  Tape  or  wire  wound  helically  on  the  surface  of  a  cylinder,  the 
arrangement  being  such  that  the  brush  can  make  contact  with  any 
portion  of  the  entire  length  of  the  wire  or  tape.  Either  the  brush 
or  the  cylinder  may  be  rotated,  the  other  being  stationary. 

(c)  Tape  or  wire  wound  from  one  reel  to  another.  Contact  may 
be  made  by  special  brushes,  or  the  resistance  may  be  short-circuited 
as  it  is  wound  on  the  metal  reel,  as  is  done  in  the  Kelvin  type  of 
rheostat. 

{d)  A  tape  or  wire  arranged  in  the  form  of  a  flat  spiral,  the  contact 
brush  being  moved  along  the  conductor  by  a  rotating  arm.  Pro- 
vision would  have  to  be  made  for  motion  of  the  brush  radially  in 
and  out  on  the  arm. 

3.  Reasons  for  Choice. — ^The  first  method  was  chosen  because  it 
is  less  complicated  both  in  design  and  construction  and  generally 
better  adapted  to  the  ranges  of  current  and  resistance  required  for 
this  particular  installation  than  either  of  the  other  methods 
(resistance  range,  o  to  1060  ohms;  current  range,  o.i  to  17  am- 
peres). Self-cooling  is  more  effective  and  artificial  cooling  more 
easily  carried  out  than  in  either  of  the  other  methods.    The  con- 
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tact  is  distributed  over  several  turns  of  conductor  instead  of  being 
made  on  one  conductor  only.  In  cases  in  which  a  tapered  rheo- 
stat is  required  the  change  from  one  size  of  wire  to  another,  or 
from  wire  of  one  kind  of  alloy  to  that  of  another,  is  much  more 
easily  carried  out  in  this  method,  without  danger  of  trouble  with 
the  moving  contact  at  the  point  of  junction. 

For  compactness,  tape  would  naturally  be  used  in  the  third 
method,  but  in  this  case  some  mechanical  complication  would  be 
necessary,  as  the  two  reels  could  not  be  directly  geared  together  on 
account  of  the  changing  diameter  of  the  reels  as  the  tape  is  wound 
on  and  off.  There  would  also  be  a  danger  of  the  conductor's 
breaking,  either  in  regular  use  or  in  becoming  accidentally  fouled. 

The  fourth  method  was  out  of  the  question  in  the  present 
case,  since  to  keep  the  size  within  botmds  the  conductor  would 
have  to  be  too  thin  to  withstand  the  mechanical  strains.  A  minor 
objection  is  the  changing  curvature  of  the  surface  on  which  contact 
is  made.  A  greater  length  of  conductor  is  also  necessary  than  in 
the  other  metiiods.  This  arises  from  the  fact  that  the  accuracy  of 
setting  depends  upon  the  angular  backlash,  and  since  the  outer 
turns  are  longer  than  inner  ones,  the  length  of  conductor  involved 
in  taking  up  a  given  angular  backlash  is  not  a  constant,  but  is  pro- 
portional to  the  radius.  Hence,  for  any  predetermined  law  of 
accuracy  of  setting,  a  greater  length  of  conductor  is  required  than 
would  be  necessary  if  all  the  turns  were  of  the  same  radius. 

For  larger  currents,  or  lower  voltage  circuits,  the  second  method 
would  probably  be  preferable,  as  the  first  method  does  not  lend 
itself  as  readily  to  the  use  of  larger  conductors,  especially  when 
accuracy  of  setting  is  of  importance. 

The  method  chosen  (a)  is,  of  course,  not  without  its  difficulties. 
The  great  length  required  for  fine  setting  (up  to  12  m  in  the 
present  case)  makes  it  inconvenient  and  somewhat  imwieldy. 
Yet,  where  a  group  of  rheostats  is  to  be  installed,  the  total  space 
required  is  at  most  no  greater  than  for  the  other  methods.  If  a 
cord  is  used  to  move  the  brush,  the  stretching  of  the  cord  intro- 
{luces  lost  motion,  while  if  a  steel  tape  is  used  there  is  danger  of  the 
windings  being  destroyed  by  short  circuits  in  case  of  an  accidental 
breaking  of  the  tape.  Theoretically,  the  method  is  at  a  disad- 
vantage, since  the  adjustment  is  step  by  step,  being  limited  to  a 
turn  of  wire  (or  at  best  to  a  part  of  a  turn),  while  in  the  other 
methods  the  adjustment  is  continuous.  Practically,  however,  this 
disadvantage  is  largely  only  apparent,  since  the  fineness  of  ad- 
justment in  the  other  methods  is  limited  by  lost  motion,  etc. 
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While  the  great  length  required  in  the  rheostat  makes  the  method 
seem  a  somewhat  brutal  solution  of  the  problem,  it  forms  a  very 
simple,  straightforward  arrai^emeiit.  Over  two  years'  expe- 
rieoce  with  it  has  been  so  satisfactory  that  it  has  confirmed  the 
opinion  that  the  method  is  the  most  satisfactory  one  for  the  wwk 
in  hand,  the  nature  of  which  has  already  been  indicated. 
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m.  FIELD  RHEOSTATS 

A  full-size  cross  section  of  a  field  rheostat  is  shown  in  Fig.  i. 
The  airangement  for  leading  the  current  in  and  outis  also  shown. 
Two  lei^ths  were  used,  5.5  m  for  the  motor  field  rheostats  and  1 2 
m  over  all  for  the  generator  field  rheostats. 

Brass  tubes  were  used,  and  the  lengths  were  soldered  end  to  end 
so  as  to  make  a  perfectly  smooth  winding  surface,  a  short  sleeve 
being  placed  inside  to  make  a  good  mechanical  joint 
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1 .  Insulaiion, — A  coat  of  insulating  varnish  was  applied  to  the 
tubes  and  allowed  to  dry.  A  5  cm  strip  of  varnished  cambric 
was  then  wound  on,  after  which  another  coat  of  the  liquid  insu- 
lator was  applied  and  allowed  to  dry.  This  was  followed  by 
another  coat  each  of  varnished  cambric  and  the  insulating  com- 
pound giving  a  smooth,  hard  surface  on  which  to  wind  the  wire. 
The  resulting  insulation  was  excellent,  the  completed  rheostats 
showing  100  megohms  or  more,  and  each  was  tested  at  1200  volts 
a.  c.  before  being  put  into  service. 

2.  Winding, — Enameled  resistance  wire  was  used,  the  enamel 
serving  for  the  insulation  between  turns,  which  were  wound  snugly 
together  so  that  the  rheostat  has  a  smooth,  rigid  surface.  Splices 
were  made  by  silver  soldering  the  wires  in  butt  joints.  The  wind- 
ing was  done  on  an  extemporized  lathe  arrangement.  After  wind- 
ing, the  enamel  was  removed  from  the  stui^ace  of  the  wire  where  the 
contact  was  to  be  made.  In  fact,  a  small  amount  of  the  metal  was 
removed  in  order  to  slightly  flatten  the  surface  of  the  wires,  and  so 
improve  the  contact. 

3.  Brushes,  etc. — ^As  shown  m  Fig.  i,  the  contact  brushes, 
which  are  laminated  phosphor  bronze  springs,  are  carried  on  a 
sheet  brass  support  which  nearly  surrounds  the  tube.  Two 
brushes  bear  on  the  resistance  winding,  near  the  bottom,  while 
a  third,  and  longer  brush,  runs  in  a  brass  channel  which  serves 
as  a  return  conductor.  The  channel  is  insulated  from  the  wind- 
ing by  two  layers  of  impregnated  tape.  The  most  satisfactory 
method  of  attaching  the  channel  to  the  tube  was  f oimd  to  be  by 
pieces  of  thin  silk  tape  placed  at  intervals  along  the  tube,  and 
each  inserted  imder  two  or  three  turns  of  wire.  This,  of  course, 
had  to  be  done  as  the  tube  was  being  wound.  These  are  tied  to 
ears  on  the  channel  formed  by  sawing  slots  in  the  edge  of  the 
channel  and  bending  out  the  strip  between  the  slots. 

4.  Mounting  of  Tubes. -^ As  shown  in  Fig.  2,  the  rheostats  are 
mounted  horizontally  in  a  single  tier,  the  operating  motors  being 
placed  on  a  shelf  at  one  end.  They  are  placed  near  the  ceiling 
of  a  long  hallway  into  which  the  d3niamo  room  opens,  and  so  do 
not  take  up  space  useful  for  other  purposes. 

The  motor  end  of  each  tube  is  clamped  in  position,  but  other- 
wise the  tubes  are  supported  on  rollers  to  allow  for  expansion. 
Those  rheostats  which  require  water  cooling  have  their  ends 
connected  by  flexible  copper  tubes  to  provide  for  the  water 
circulation. 
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5.  Cooling  System. — ^As  already  stated,  artificial  cooling  is 
provided,  wherever  necessary,  by  circulating  water  through 
the  brass  tubes  on  which  the  resistances  are  wound.  When 
first  installed  the  city  water  supply  was  used,  the  small  amount 
of  water  necessary  for  cooling  being  allowed  to  run  to  waste. 
Occasionally,  however,  tmder  extreme  atmospheric  conditions, 
moisture  condensed  on  the  winding,  and  it  was  feared  that  the 
insulation  might  become  injured.  Accordingly,  a  closed  circula- 
tion of  the  cooling  water  was  substituted,  a  low-speed  motor  being 
directly  coimected  to  a  gear  ptunp.  The  motor  is  automatically 
started  whenever  a  motor  generator  is  operated  whose  field  rheostat 
requires  water  cooling. 

A  vertical  mounting  of  the  tubes  would  be  preferable  in  a  build- 
ing whose  arrangement  permitted  it;  as,  for  example,  in  a  shaft 
large  enough  to  allow  of  easy  access.    A  simple  thermal  circulation 
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Fig.  2. — Method  offnounting  tubular  rheostats 

of  a  cooling  liquid  would  then  be  siufficient,  the  tubes  being  con- 
nected in  parallel  with  one  common  return  tube. 

6.  Design  of  Windings, — Preliminary  experiments  had  shown 
that  under  working  conditions  settings  could  be  made  on  a  motor- 
operated  slide-wire  rheostat  of  the  type  described  to  about  i 
mm,  about  the  average  diameter  of  the  wire  which  it  was  found 
convenient  to  use  in  winding  the  rheostats.  It  was  arbitrarily 
decided  to  make  the  sensitivity  of  setting  on  the  generator  rheo- 
stats approximately  o.oi  volt  per  millimeter,  or  10  volts  per 
meter  of  length  of  rheostat. 

In  Pigs.  3  and  4  are  shown  the  design  curves  for  a  typical  gen- 
erator rheostat.  The  magnetization  curve  of  the  generator  was 
experimentally  determined  in  the  usual  way  (curve  i).  From 
this,  the  resistance  of  the  field  winding  and  the  normal  voltage  of 
the  source,  curve  2  was  calculated,  showing  the  resistance  in 
the  rheostat  as  a  ftmction  of  the  generated  voltage.  By  scaling 
off  tangents  to  curve  2,  the  ratio  of  a  small  change  in  resistance  to 
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the  resulting  change  in  voltage  can  be  determined.  This  is  shown 
as  ohms  per  volt  in  curve  3;  but  since  each  millimeter  of  the 
length  of  the  rheostat  represents  a  change  of  o.oi  volt  in  the 
generator  voltage,  curve  3  may  be  plotted  in  the  form  shown  in 
curve  4  (Fig.  4)  by  merely  a  change  of  scale,  giving  the  resistance 
of  the  rheostat  per  millimeter  throughout  its  length. 

From  a  consideration  of  the  conditions  to  be  met  in  all  the  field 
rheostats  required  in  the  system,  the  sizes  of  wire  shown  in  the 
following  table  were  chosen,  somewhat  arbitrarily : 

TABLE  1 
Wiie  Used  for  Winding  Rheostats 


BCstorU 


Do 

« 

Do 

Do 

18  per  cent  Gennan  silver 
Advenoe 

Do 

Do 


No. 
(A.W.O.) 

Diameter 

■ 

Millimeters 

17 

1.15 

20 

.81 

17 

1.15 

20 

.81 

22 

.64 

17 

1.15 

18 

1.02 

21 

.72 

24 

.51 

Resistance 
per  turn 


0.0021 
.0043 
.0075 
.015 
.023 
.034 
.063 
.13 
.26 


With  the  exception  of  the  No.  22  brass,  which  was  used  only  in 
two  special  rheostats,  the  wires  are  so  chosen  that  the  resistance 
per  turn  increases  by  a  factor  of  about  2  from  step  to  step,  while 
the  total  change  in  diameter  of  wire  is  only  slightly  over  2  to  i. 

The  final  data  for  the  winding  is  shown  by  the  broken  line  (N0.5) 
of  Fig.  4,  in  which  the  horizontal  steps  indicate  the  lengths  wound 
with  the  various  sizes  of  wire.  It  will  be  noticed  that  the  ideal 
curve  does  not  cut  the  steps  of  the  actual  curve  quite  S3rmmetrically . 
This  is  caused  by  slight  arbitrary  changes  in  design  to  adapt  to 
materials,  and  also  by  the  fact  that  the  former  is  based  on  resist- 
ance per  millimeter,  the  latter  on  resistance  per  turn.  The  final 
result  is  that  settings  can  be  made  on  the  rheostat  to  an  accuracy 
of  about  0.02  per  cent  or  better,  since  the  mechanism  allows  the 
adjustment  to  be  made,  when  necessary,  to  a  single  turn  of  wire. 

The  design  of  the  motor  field  rheostats  was  much  simpler,  an 
untapered  winding  being  found  to  be  sufiident  to  secure  a  change 
of  but  0.01  per  cent  in  speed  for  a  single  turn  of  the  wire  on  the 
rheostat.  The  motors  are  not  of  the  interpole  type,  and  rheostats 
5.5  m  long  suffice  to  cover  the  safe  range  of  speed,  with  the 
sensitivity  just  given. 
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IV.  RHEOSTATS  FOR  THE  CONTROL  OF  DIRECT  CURRENT 

AND  VOLTAGE 

I.  Voltage  Rheostats. — ^These  are  identical  in  general  con- 
struction witli  field  rheostats  already  described.  They  are  7.5  m 
long  and  are  wound  with  about  1 1  500  turns  of  No.  22  brass  wire, 
giving  a  resistance  of  254  ohms.  Definite  voltages  from  storage 
batteries  (in  multiples  of  80,  up  to  320)  are  connected  across  the 
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Pig.  4. — Design  curves  for  typical  fkeosiat 

whole  resistance  and  a  variable  voltage  is  tapped  off  by  means  of 
the  sliding  contact  for  use  in  testing.  The  current  capadty  of 
the  rheostat  is  sufficient  to  allow  enough  current  to  be  drawn  from 
it  for  all  ordinary  work  in  instrument  testing. 

2.  Current  Rheostats. — Satisfactory  current  rheostats  operating 
on  a  low  voltage  sotu-ce  and  arranged  to  fit  in  with  the  same  system 
of  remote  control  have  so  far  been  worked  out  only  for  the  larger 
ranges  of  current,  from  300  up  to  10  000  or  12  000  amperes. 


Fig.  6. — General  view  of  heavy  current  rkeoital 
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This  rheostati  which  was  originally  designed  for  hydraulic 
operation/  was  rearranged  so  as  to  be  operated  by  four  o.i  kw 
motors.  The  resistance  elements  are  flattened  tubes  through 
which  water  flows  for  cooling.  Contact  is  made  directly  on  the 
tubes  by  heavy  laminated  copper  brushes,  of  circuit-breaker  con- 
struction. The  tubes  are  arranged  in  fotu:  sets  of  four  each.  The 
fotu-  brushes  of  a  set  are  rigidly  connected  together,  and  are  pro- 
pelled by  a  single  screw  on  the  shaft  of  a  motor,  as  shown  in  Fig.  5. 

The  fotu:  tubes  of  three  of  the  sets  are  connected  in  series  paral- 
lel. Tubes  A  and  B  are  in  series,  as  are  also  C  and  D,  while  the 
two  pairs  of  tubes  are  in  parallel.  All  four  sets  of  tubes  are  con- 
nected in  parallel,  but  as  at  the  end  of  their  travel  the  brushes 


irobcnnB  screw 


Resisfanee  tAet 


Fio.  5. — Arrangement  of  brushes  and  resistance  tubes  of  heavy^urrent  rheostat 


ride  onto  insulating  strips,  the  circuit  through  any  set  may  be 
broken. 

In  order  to  extend  the  range  of  the  rheostat  downward  the  tubes 
of  the  fourth  set  are  all  coimected  in  series,  mfllritig  the  resistance 
of  this  set  four  times  that  of  each  of  the  other  three.  For  still 
smaller  currents,  the  brushes  of  all  four  sets  are  run  out  to  the  open 
points  and  a  hand-operated  rheostat  is  connected  in  parallel. 

The  operation  of  the  motors  is  precisely  the  same  as  for  the  other 
parts  of  the  control  system,  two  speeds  giving  coarse  and  fine 
adjustment,  etc.  In  fact,  the  control  wiring  is  entirely  synmiet- 
rioal  with  that  for  the  field  rheostats.  A  general  view  of  the  com- 
plete rheostat  is  shown  in  Fig.  6. 

>  The  main  portions  of  the  rheostat  were  designed  several  irears  ago  by  E.  B.  Rosa,  H.  B.  Brooks,  and 
P.  8.  DnnUm,  and  bollt  in  the  instniment  shop  of  the  Bureau  of  Standards  by  Joseph  liOdcwlg. 
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V.  PHASE  CONTROL 

Use  is  made  of  two  well  known  methods  of  phase  control.  The 
more  satisfactory  one  is  by  the  use  of  two  similar  alternators  on  the 
same  shaft,  one  being  used  as  a  source  of  current  and  the  other  as 
a  source  of  voltage,  the  phase  adjustment  being  made  by  shiffing 
the  angular  position  of  the  stator  armature  of  one  alternator.  In 
the  other  method  the  adjustment  is  accomplished  by  slowly  mov- 
ing the  rotor  of  a  phase-shifting  transformer.  In  either  case  the 
motion  is  accomplished  by  a  small  motor  actuating  a  compound 
worm  drive. 

This  arrangement  also  fits  in  very  nicely  with  the  other  parts  of 
the  motor-generator  control,  the  two  speeds  giving  coarse  and  fine 
adjustment  of  the  phase  relation. 

VI.  OPERATING  DETAILS 

1 .  Motors. — In  order  to  operate  satisfactorily  at  widely  different 
speeds,  a  fairly  high-speed  motor  has  been  fotmd  to  be  most  satis- 
factory. The  motors  used  are  of  the  Eck  worm-geared  type, 
one-sixth  hp  2500  rpm,  worm  geared  in  the  ratio  of  46  to  i,  and 
arranged  to  rotate  in  either  direction.  For  full  speed  120  volts 
are  applied  to  the  armature,  and  for  slow  speed  10  volts.  On 
accotmt  of  the  resistance  of  the  armature,  the  ratio  of  the  speeds 
is,  however,  greater  than  the  ratio  of  the  voltages,  being  about 
18  or  20  to  I,  instead  of  12  to  i. 

2.  Power  for  operation. — ^The  low  speed  can  not  be  obtained 
merely  by  inserting  resistance  in  the  armature  circuit,  since  the 
starting  torque  is  then  entirely  too  small  for  satisfactory  operation. 
A  small  20-volt,  3-wire  storage  battery  is  used  to  provide  the  low 
speed.  The  neutral  of  this  battery  is  connected  to  the  neutral  of 
the  regular  240-volt,  3-wire  d.  c.  supply,  thus  forming  a  modified 
5-wire  system. 

The  arrangement  is  shown  in  Fig.  7,  from  which  it  is  easily  seen 
that  a  2-speed,  2-direction  control  is  obtained  from  the  4  contact 
positions  of  the  controller. 

3.  Controllers. — ^As  shown  in  Fig.  8,  the  controller  for  operating 
a  motor-generator  set  has  five  levers,  one  each  for  frequency, 
phase,  the  fields  of  two  generators,  and  an  auxiliary  d.  c.  voltage. 
The  two  inner  contacts  are  for  low  speed  and  the  two  outer  ones 
for  high  speed,  and  the  normal  position  of  the  spring  levers  is  at 
the  center  with  the  circuit  open.  In  all  cases  the  connections  are 
such  that  motion  to  the  right  raises  voltage  or  frequency,  while 
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motion  to  the  left  causes  a  corresponding  lowering.  Accordingly, 
a  small  displacement  to  the  right  causes  a  very  slow  increase  in 
voltage  or  frequency,  and  a  further  motion  to  the  right  against 
the  stop  gives  a  rapid  increase.  Similarly,  slow  and  rapid  de- 
creases are  obtained  by  motion  to  the  left. 

The  springs  controlling  the  levers  are  small  helical  springs, 
wound  so  as  to  be  tmder  an  initial  tension.  The  handles  are 
removable,  so  that  the  danger  of  accidentally  closing  circuits  not 
in  use  may  be  avoided. 

Excepting  where  used  at  fixed  "set-ups,"  the  controllers  are 
portable  and  are  provided  with  flexible  leads  so  that  they  may 
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Flo.  7. — Meihod  of  obtaining  2'difecUon,  2^peed  control  from  j-udre  system 

be  placed  wherever  the  convenience  of  the  work  demands,  and 
they  are  all  interchangeable. 

4.  Jacks. — ^To  pfovide  a  controller  at  each  outlet  for  each 
motor-generator  set  wotdd  be  too  complicated  and  inconvenient. 
Hence,  only  one  controller  is  used  at  an  outlet,  and  it  is  arranged 
so  as  to  control  the  output  of  any  motor  generator  desired  by 
merely  plugging  in  two  jacks,  one  connecting  to  the  source  of 
power  and  one  connecting  to  the  control  motor  armatures.  This 
arrangement  is  indicated  in  Fig.  8.  A  commercial  telephone  jack 
is  used,  somewhat  modified  to  adapt  it  to  the  required  conditions. 

The  fixed  parts  of  the  jacks  are  motmted  directly  on  the  special 
conduit  containing  the  wiring.' 

*  For  •  brief  description  of  the  electrical  dtstritmtion  and  general  laboratory  arrantements  for  the  build* 
Jng,  tee  P.  O.  Acacw,  Blec.  Rev.  and  West.  Blectridan,  64,  pp.  8zxp  6ao;  1914. 
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5.  Aviomaiic  Stop  Switch. — It  is  necessary  to  have  some  auto- 
matic device  to  limit  the  travel  of  the  brush  at  the  e^ids  of  the 
rheostat,  as  otherwise  the  motor  would  stall  and  fuses  blow  or 
injury  to  tiie  apparatus  result  Merely  an  automatic  switch  to 
open  the  armature  circuit  is  not  fea^ble,  as  this  would  make  the 


Fio.  i.— Controller  and  jacJu 

whole  device  inoperable  whenever  a  brush  accidentally  reached 
the  end  of  the  rheostat  adjustment.  At  first  a  simple  friction 
drive  was  tried,  so  that  the  pulley  or  cord  would  slip  when  the 
brush  reached  the  end,  but  this  arrangement  did  not  prove  to  be 
satisfactory.  The  switch  indicated  in  Fig.  9  has,  however,  been 
entirely  satisfactory. 
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As  the  rheostat  brush  reaches  the  end  of  its  travel,  a  small 
brass  bob,  J?,  attached  to  the  cord  which  operates  the  brush, 
enters  the  space  between  a  fixed  brass  bar,  F,  and  a  spring,  5, 
opening  the  circuit  at  Ky  thus  stopping  the  motor.  But  B 
makes  electric  contact  between  F  and  5,  completing  the  circuit 
through  R  to  the  positive  side  of  the  line,  so  that  by  throwing 
the  controller  lever  to  the  negative  side  of  the  line  the  motor  will 
rotate  in  the  opposite  direction,  thus  moving  the  brush  toward 
the  other  end  of  the  rheostat.  When  the  brush  reaches  the 
other  end  of  the  rheostat,  a  second  brass  bob  on  the  lower  section 
of  the  cord  enters  the  lower  part  of  the  switch,  and  the  opera- 
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Fio.  9. — Details  of  automatic  stop  switch 

tions  are  precisely  like  those  just  described  for  the  upper  part  of 
the  switch. 

6.  Wiring, — ^The  wiring  is  surprisingly  simple.  In  addition  to 
the  four  power  wires  (the  neutral  is  not  necessary  at  the  controller 
stations)  only  one  wire  for  each  control  has  to  be  carried  around 
the  laboratories — ^that  is,  one  wire  for  each  motor  armattu'e.  In 
the  original  installation  there  were  17  controls,  and  therefore  17 
motors,  and  but  21  wires  were  necessary.  Only  one  additional 
wire  is  required  when  an  additional  control  is  added. 

In  the  general  wiring  diagram.  Fig.  10,  the  complete  connec- 
tions for  one  motor-generator  set  are  shown  with  jacks  at  a  con- 
troller station,  together  with  one  controller. 

7.  Motor  Fields. — ^The  four  control  motors  required  for  the 
complete  control  of  a  motor-generator  set  have  their  fields  con- 
nected in  parallel,  and  the  switch  controlling  their  fields  is  placed 
on  the  panel  from  which  the  motor-generator  set  is  started.    The 
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dosing  of  this  switch  thus  becomes  apart  of  the  process  of  startit^ 
the  set. 

Vn.  BXPERIBItCE  WITH  SYSTEM 

In  over  two  years'  operation  the  system  has  given  very  little 
trouble — much  less  than  was  anticipated.     The  cords  gradually 


leml  Tiiiring  diagram,  tfiovrtng  details  for 
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Stretched  slightly  and  had  to  be  tightened  once  or  twice,  and  a 
few  very  slight  changes  have  been  made  in  details  of  de^gn  or 
construction  as  experience  has  suggested  them.  Otherwise  the 
whole  system  has  required  little  more  attention  than  would  ordi- 
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narily  be  expected  in  the  use  of  the  same  number  of  small  motors 
in  a  laboratory. 

There  is  a  slight  amomit  of  backlash,  due  to  the  elasticity  of 
the  cord,  but  it  is  not  at  all  serious,  amounting  to  only  about  o.i 
or  0.15  per  cent  on  the  average. 

One  limitation  that  has  sometimes  proved  inconvenient  is  that 
care  has  to  be  exercised  in  the  use  of  an  a.  c.  generator  with  so 
wide  a  range  of  field  excitation  not  to  draw  too  much  current  at 
low  excitation,  else  the  armature  reaction  may  cause  wave-form 
distortion.  For  this  reason  it  is  not  permissible  to  draw  full-load 
current  at  very  low  excitations  if  purity  of  wave  form  is  important. 
The  admittance  of  the  connected  load  is  a  more  logical  basis  for 
determining  the  permissible  generator  load  than  is  the  armature 
current. 

The  simplicity  and  convenience  of  the  system,  both  in  testing 
and  in  investigational  work,  has  greatly  increased  the  efficiency 
of  the  work  of  the  laboratory,  frequently  saving  the  time  of  one 
observer. 

Washington,  May  26,  1916. 
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I.  INTRODUCTION 

Electric  units  and  standards  are  now  very  nearly  uniform  in  all 
parts  of  the  world.  As  a  result  of  the  decisions  of  international 
congresses  and  the  cooperation  of  the  national  standardizing 
laboratories,  the  international  ohm  and  ampere  are  accepted  every- 
where as  the  basis  of  electrical  measurements.  A  complete  system 
of  electric  and  magnetic  units  is  in  general  use,  built  upon  these 
fundamental  units.  There  have  been  proposals  to  change  the 
units  from  time  to  time,  and  as  a  result  there  is  some  diversity  of 
usage  in  respect  to  units  in  current  electric  and  magnetic  literature. 
For  instance,  Heaviside  units  are  used  in  certain  recent  books  on 
theoretical  electricity ;  a  slight  change  of  electric  units  is  advocated 
by  M.  Abraham;  and  quite  a  number  of  different  magnetic  units 
are  used  in  presenting  the  results  of  magnetic'  experiments.  It 
appears  worth  while  to  examine  critically  the  system  of  units 
which  is  generally  used,  to  study  the  reasons  which  are  advanced 
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for  changes  in  the  S3rstem,  and  to  inquire  whether  any  of  the 
various  proposed  tinits  offer  advantages  which  would  justify  the 
trouble  and  confusion  incident  to  a  general  change  of  tinits. 

The  units  actually  used  in  electrical  measurements  are  based  on 
certain  f tmdamental  electrical  standards  which  were  so  defined  as 
to  represent,  as  closely  as  experimental  evidence  pemutted,  the 
theoretical  electromagnetic  tmits.  The  tmits  of  the  various  elec- 
tric quantities  are  derived  from  the  ftmdamental  tmits  in  accord- 
ance with  the  equations  of  ordinary  electrical  theory,  and  in  con- 
sequence the  units  actually  used  in  practice  are  all  very  dose 
representatives  of  the  corresponding  electromagnetic  units.  The 
electromagnetic  system  is  familiar,  having  been  frequently  de- 
scribed. The  units  used  in  practice  to  represent  the  electromag- 
netic units  have  been  called  the  international  units.  The  very 
slight  differences  in  magnitude  between  the  international  and  the 
corresponding  electromagnetic  units  are  determined  by  absolute 
measurements  made  from  time  to  time.  (The  present  values  of 
these  differences  are  given,  on  the  basis  of  recent  absolute  meas- 
urements, in  this  Bureau's  Circular  No.  60,  Electric  Units  and 
Standards.)  The  system  of  international  units  will  be  discussed 
here  in  some  detail  before  treating  the  various  proposals  which 
have  been  made  for  changes  in  the  units.  The  said  proposals 
would  apply  both  to  the  electromagnetic  tmits  and  to  the  inter- 
national units,  their  representatives. 

n.  THE  INTERNATIONAL  SYSTEM 

Every  complete  system  of  electric  units  requires  four  funda- 
mental units  instead  of  only  three,  as  in  mechanics.  The  necessity 
for  the  one  additional  unit  arises  from  the  fact  that  the  identity 
of  mechanical  and  electrical  phenomena  has  not  been  established. 
Of  the  four  quantities  taken  as  fundamental  (a)  three  may  be 
mechanical  and  one  electrical,  or  (b)  two  mechanical  and  two 
electrical,  or  (c)  one  mechanical  and  three  electrical,  the  only 
theoretical  requirement  being  that  both  mechanical  and  electrical 
quantities  be  represented  among  the  four.  Thus,  very  many 
S3rstems  are  possible.  No  systems  of  typ^  (c)  are  in  use,  although 
liey  can  be  very  easily  made  up,  and  are  not  at  all  grotesque — ^for 
example,  a  system  using  i?,  /,  /i>  ^^^  T  as  fundamental. 

The  electrostatic  and  electromagnetic  systems  are  of  tjrpe  (a). 
The  fundamental  units  in  each  of  these  systems  are  those  of  length, 
mass,  time,  and  a  property  of  the  eletromagnetic  medium.  The 
property  of  the  mediiun  utilized  is  the  dielectric  constant  in  the 


DtOmgm}  International  Electric  System  6oi 

electrostatic  system  and  magnetic  permeability  in  the  elec- 
tromagnetic system.  For  convenience,  zero  dimensions  are 
sometimes  assigned  to  the  property  of  the  medium  in  writing 
dimensional  formulas,  but  it  remains  none  the  less  a  ftmdamental 
quantity  of  the  system. 

The  international  system  is  of  type  (6).  In  the  definitions 
adopted  by  the  London  Electrical  Conference  of  1908  two  electric, 
units  were  defined  in  terms  of  specified  standards — ^the  interna- 
tional ohm  and  the  international  ampere.  These  two,  plus  units 
of  length  and  time,  may  be  regarded  as  forming  the  basis  of  a 
distinct  system,  and  they  have  been  so  considered  by  a  few  writers. 
This  system  is  very  convenient  in  electrical  work,  although  it  has 
no  value  or  utility  in  mechanics  or  other  parts  of  physics.  The 
system  is  centered  around  the  phenomena  of  electric  current. 
Electric  current  is  more  familiar  and  of  vastly  greater  practical  im** 
portance  than  electrostatic  charges  or  magnetic  poles,  upon  which 
the  other  two  famiUar  systems  are  based.  This  is  one  of  the 
reasons  why  the  international  system  is  the  most  convenient  and 
the  most  used  electrical  system. 

Only  eight  units  (the  international  ohm,  ampere,  volt,  coulomb, 
henry,  farad,  joule,  and  watt)  have  been  defined  by  international 
congresses,  and  it  is  desired  to  show  that  these  units  form  part 
of  a  distinct  and  complete  electrical  system.  That  the  inter- 
national tmits  form  a  system  distinct  from  all  others  may  be  seen 
frdm  the  following  considerations.  The  international  tmits  are 
historically  based  upon  the  "  practical'*  electromagnetic  units,  as 
has  been  stated  above.  However,  two  of  the  international  electric 
units  are  defined  in  terms  of  arbitrary  standards  and  hence  are 
independent  or  arbitrary  ^  tmits,  viz,  the  international  ohm  and 
the  international  ampere.  Since  a  complete  system  of  electric 
tmits  reqtiires  four  independent  tmits,  only  two  additional  units  are 
needed.  Therefore  the  international  system  can  not  have  all  four 
of  the  ftmdamental  quantities  of  the  electromagnetic  system,  viz, 
length,  mass,  time,  and  magnetic  permeability.  The  two  of  these 
quantities  which  are  needed  to  complete  the  international  system 
are  length  and  time.     Both  length  and  time  enter  essentially  in 

1  The  interaatiaiuU  ohm  and  ampere  are  faidependent  vaaXs  in  spite  of  the  fact  that  in  the  realixatioa  of 
the  standards  by  means  of  whidi  they  are  defined  other  physical  quantities  are  utilized.  The  intematiooat 
ohm  is  defined  as  the  resistance  of  a  uniform  column  of  mercury  of  specified  length  and  mass.  This  length 
•nd  mass,  however,  are  merely  auxiliary  to  the  preparation  of  the  standard.  The  unit  is  the  actual  resist- 
ance of  such  a  standard,  and  its  magnitude  would  not  vary  if  different  units  of  length  and  mass  were  used 
in  the  definition  of  the  standards.  The  case  is  very  similar  to  thedefinition  of  the  tmit  of  temperature  on 
the  intemational  hydrogen  scale.  This  is  strictly  an  arbitrary  unit,  and  yet  in  its  definition  (see  this 
Bulletin  t,  p.  664 ;  1907)  use  b  made  of  the  meter  to  specify  the  initial  pressure  in  the  hydrogen  thermometer. 
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the  fundamental  relations  between  the  important  electromagnetic 
quantities.  (This  is  clearly  exhibited  in  Table  i  below.)  Mass 
does  not  enter  at  all  into  those  relations,  and  magnetic  perme- 
ability is  a  subordinate  quantity  in  this  system  just  as  it  is  in  the 
electrostatic  system. 

That  the  international  units  form  a  complete  electrical  system, 
which  is  in  fact  the  system  commonly  used,  is  brought  out  by 
Table  i ,  in  which  the  units  of  the  principal  electric  and  magnetic 
quantities  are  derived  from  the  units  of  resistance,  current,  length, 
and  time  by  the  use  of  the  ordinary  equations  of  electrical  theory. 
The  international  volt,  coulomb,  etc.,  were  thus  derived  from  the 
international  ohm  and  ampere  and  the  second  in  the  definitions 
adopted  by  international  congresses. .  Bach  unit  in  this  system 
is  the  representative  for  practical  purposes  of  the  corresponding 
unit  in  the  electromagnetic  system  and  differs  from  it  only  very 
slightly.  The  small  differences  between  the  imits  in  the  two 
systems  are  determined  by  absolute  measurements  made  from 
time  to  time. 

This  mode  of  definition  was  thus  extended  to  the  whole  system 
of  electric  and  magnetic  units  by  Prof.  V.  Karapetoff  in  the 
appendixes  of  his  books.  The  Electric  Circuit  (19112)  and  The  Mag- 
netic Circuit  (191 1).  He  calls  the  units  so  obtained  the  "  ampere- 
ohm  system."  In  his  derivations,  however,  he  uses  some  equa- 
tions differing  by  the  factor  4T  from  the  classical  equations.  Cer- 
tain of  the  tmits  thus  derived  are  therefore  not  representatives  of 
the  corresponding  electromagnetic  units.  Consequently  his  am- 
pere-ohm system  is  not  quite  the  same  as  the  "international 
system  "  as  interpreted  herein.  The  Karapetoff  units  are  discussed 
on  page  620  below. 

The  table  gives  the  dimensional  formula  for  each  quantity,  as 
well  as  the  defining  equation  or  equation  which  gives  the  mathe- 
matical relation  of  the  quantity  to  previously  defined  quantities. 
All  the  symbols  used  are  defined  in  the  table,  except  the  following, 
which  are  introduced  without  definition:  L= length,  T  =  time, 
R  «  resistance,  / — current,  N  ==»  number  of  turns,  5  «  area,  s = length 
along  a  path. 
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TABLS  1 
The  Intematimml  Syitem 


Quantity 


ElectromotiYe  force 

Quantity  of  electricity. . 

Electrostatic  capacity... 


SjpmtMl 


Dielectric  constant. 


Electric  field  intensity. . 
Electric  displacement. . 
Sel^indttctance^ 


Hutnal  inductance  ^. 


HagnetomotiTe  force. 
Hagnetizing  force  <<. . 


Kagnetic  flux  «. 


Magnetic  inductioa. 


Penneability. 


Reluctance 


Intensity  of  magnetiza- 
tion* 

Magnetic  susceptibility. 
Magnetic  pole  strength/. 


E 
Q 


K 


H 

B 

It 


K 

m 


Untto 


Volt 

Coulomb. 


Farad. 


Volt  per  cm. . . 

Coulomb    per 
cm'. 

Henry 

Henry 

See  Table  6... 

do 

do 

do 

do 


Deflnliif  equatfon        ^^^^JThS*^ 


E^RI . 


C=^ 


<^=4^/ (to  a  par- 
allel plate  con- 
denser of  large 

areaS). 

^""ds 

^-&^ 

El 
^^dljdt 


[C]-[/ri 

[C]: 


ca 


TTl 


dljdt 

5  -S^^- 


H 


ArNI 
■  lOL 


do. 
do. 


^-io»  Pjsj/... 


^    dS 
B 


[JiM-niMRTi 


ft-?- 


B-.So+4x/ 


[3] 
I«] 
[^] 

[m] 
[ft] 
[/] 

[«] 
H 


-[a 

-[/2/r] 

[?] 


a  The  nBmes  of  these  uniU  are  strictly  the  "  intematkaial  volt/*  "hiteraatioaal  coulomb/'  etc»  but  in 
practice  "internatioaal"  is  omitted. 

6  In  the  definirion  of  self-lmiuctaiicef  £1  is  the  emf  created  in  a  circuit  by  the  variation  of  the  current  /t 
in  the  same  drcuit. 

c  In  the  definition  of  mutual  tnductanoe»  Et  is  the  emf  induced  in  a  circuit  by  the  variation  of  the  current 
/i  in  another  drcuit. 

'  H  in  the  defining  equation  is  the  magnetizing  force  at  the  center  of  a  very  long  sotoMwd  of  N  turns  and 
length  L. 

«^  in  the  equation  is  the  diange  of  flux  in  the  time  t  giving  rise  to  the  emf  E  in  a  closed  circuit  linking 
with  the  flux. 

/^  in  thb  equation  is  the  total  magnetic  flux  wnanaHng  from  or  assodated  with  magnetic  poles  of  aggre- 
gate pole  strength  m;  it  is  strictly  equal  to  the  resultant  flux  through  the  magnet  only  when  the  magnet  is 
vary  long  and  thin. 
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1.  SDfPLICITT  OF  THIS  SYSTEM 

We  btiild  up  our  electrical  equations  and  make  measurements 
in  terms  of  resistance,  current,  length,  and  time.  It  is  entirely 
legitimate  to  write  dimensional  expressions  in  terms  of  these 
quantities.  The  dimensional  formulas  in  the  international  system 
of  electric  units,  in  fact,  give  expressions  which  are  as  simple  and 
as  helpful  in  electricity  as  the  usual  dimensional  expressions  in 
lengthy  mass,  and  time  are  for  mechanical  quantities.  This 
advantage  is  decidedly  lacking  in  the  electrostatic  and  electro- 
magnetic systems.  The  superiority  of  the  international  system 
in  this  respect  is  clearly  shown  by  an  example.  The  dimensional 
formula  for  magnetic  field  intensity  or  magnetizing  force  is 


■«!-&] 


This  gives  as  clear  and  simple  a  statement  of  the  relations  of  the 
two  electromagnetic  quantities,  H  and  /,  as  the  dimensional 
formula  for  force,  below,  gives  for  mechanical  quantities.  Com- 
pare with  the  dimensional  formula  for  H  in  the  electromagnetic 
system: 


f^-[l»^] 


This  is  not  convenient  as  regards  the  conveying  of  phjrsical  infor- 
mation. The  point  is  that  it  bears  no  direct  relation  to  the  actual 
working  equations  of  electricity.  In  the  ordinary  systems  of 
mechanical  units,  the  dimensional  equations  are  almost  the  same 
as  the  defining  equations  of  mechanical  units.  Thus  the  dimen- 
sional equation  of  force, 

[F] — I  -^T  I  ^s  similar  to  F = M  -^-  Similarly,  in  the  inter- 
national system  of  electric  units  the  dimensional  equations  are 
similar  to  the  defining  equations,  which  are  the  common  equa- 
tions   of  practice — ^for  example,  [H]«|  j  I  is  closely  related  to 

2/         . 

i/  =-  — f  which  holds  for  an  infinitely  long,  straight  conductor. 

The  various  dimensional  formulas  in  the  table  very  simply  sug- 
gest the  ordinary  equations  of  electrical  theory  and  practice. 

Take,  for  instance,  [/?]— I  -jl  \    "^^^  functioning  of  electric  dis- 
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placement  is  at  once  apparent,  for  since  [IT] « [jg],  it  is  suggested 
that  electric  displacement  is  quantity  per  unit  area.    The  formulas 

[C]  =  -5    and  [JC/] = \RT\  are  very  closely  related  to  the  expression 


for  impedance 


V 


«-H^"-^)' 


where  T  is  the  period  of  alternation.    The  dimensional  formulas 
for  K  and  m  are  both  closely  related  to  actual  methods  of  measture- 

ment.    K  depends  on  capacity|  -j^  I  and  linear  dimensions  [L].    /ti 

may  be  determined  by  the  measurement  of  a  self -inductance 
[RT\  and  linear  dimensions  [L]  of  a  coil.    It  of  coiurse  follows  from 

[Jfn=|^£;^Jand[M]-l^-2j-Jthatl^^J=l  ^  famiKar  equa- 

tion suggesting  the  influence  of  K  and  m  upon  the  velocity  of  wave 
propagation. 

2.  SUBORDmATION  OF  THE  MAGIVSTIC  POLS 

One  of  the  advantages  of  the  international  system  is  that  it 
does  not  give  undue  prominence  to  magnetic  pole  strength.  The 
complexity  of  the  dimensional  expressions  of  the  electromagnetic 
system  and  its  poor  correspondence  to  the  conditions  of  practice 
are  in  part  due  to  its  being  based  upon  an  unimportant  phenom- 
enon. Magnetic  poles  are  of  little  theoretical  or  practical  impor- 
tance, while  magnetic  flux,  field  intensity,  etc.,  are.  The  medium 
is  the  important  thing,  as  shown  by  Faraday  and  Maxwell.  Mag- 
netism is  becoming  more  and  more  regarded  as  one  kind  of  mani- 
festation of  electricity.  In  the  table  of  the  international  S3^tem 
given  above,  magnetic  pole  strength  was  defined  last,  showing 
that  all  the  other  magnetic  quantities  are  definable  independently 
of  it.  (It  can  be  similarly  subordinated  in  the  equations  of  the 
electrostatic  system.)  A  free  magnetic  pole  does  not  exist  in 
nature,  magnetic  pole  strength  does  not  appear  in  engineering 
formulas,  and  it  is  consequently  a  satisfaction  to  find  that  it  can 
be  dispensed  with  in  the  theory  also. 

3.  inOTATION  TO  EIECTROMAGNETISM 

The  international  electrical  system  of  dimensional  equations  is 
not  suitable  as  a  basis  for  all  physical  quantities.  It  gives  dimen- 
sions as  awkward  for  the  quantities  of  mechanics  as  the  electro- 


J 
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magnetic  s}rstem  gives  for  electrical  quantities,  and  is  therefore  not 
of  such  general  application  as  the  systems  in  which  length,  mass, 
and  time  are  fundamental.  The  dimensions  of  mechanical  quan- 
tities in  this  sytem  are  readily  obtained  as  follows :  Energy  is  the 
quantity  common  to  electricity  and  mechanics,  and  it  has  the  simple 

dimensions  I  /?  /*  T  p    From  the  relation  I     j^    j-j  /?  /*  T  L  the 

dimensions  of  mass  and  other  mechanical  quantities  may  be 
derived.  Such  dimensional  expressions  of  mechanical  quantities 
have  no  convenience  or  value.  Furthermore,  the  unit  of  mass 
comes  out  10^  g  and  the  unit  of  force  10^  dynes,  similarly  to 
the  unit  of  energy  which  is  10^  ergs  (i  joule).  The  international 
electrical  system  is  valuable  simply  as  a  practical  convenience  in 
dealing  with  electrical  phenomena.  It  can  not  be  thought  of  as 
supplanting  the  classical  s}^tem  based  on  length,  mass,  and  time, 
since  the  international  ohm  and  ampere  are  not  as  f  tmdamentally 
important  as  the  kilogram  and  meter. 

m.  THE  MAGNETIC  QUAITriTIES 

The  electrostatic  and  electromagnetic  systems  are  primarily 
systems  of  ph3^ical  quantities  rather  than  tmits,  and  upon  them 
various  systems  of  tmits  are  based.  Thus,  for  instance,  both  the 
cgs  and  the  "practical"  electromagnetic  systems  of  units  are  in 
use.  These  differ  in  the  particular  units  chosen  for  the  funda- 
mental quantities.  In  the  case  of  the  international  electric  units, 
only  one  particular  set  of  tmits  is  used  for  the  fundamental  quan- 
tities; the  fotir  ftmdamental  tmits  are  the  international  ohm,  the 
international  ampere,  the  centimeter,  and  the  second.  The  defin- 
ing equations  given  in  Table  i,  above,  for  E,  Q,  C,  L  and  TH, 
are  those  by  which  the  international  tmits  of  these  quantities 
were  derived  by  international  congresses.  The  only  electric  imit 
defined  by  the  eqtiations  of  Table  i  that  is  not  in  use  is  the  tmit  of 
dielectric  constant.  This  wotild  be  expected,  as  the  corresponding 
electromagnetic  tmit  is  never  tised,  the  electrostatic  tmit  being  tmi- 
versally  employed.  With  this  exception,  the  partictilar  units  indi- 
cated in  Table  i  are  the  ones  most  commonly  used.  The  units  of 
the  electric  quantities  correspond  in  magnitude  to  the ''  practical" 
electromagnetic  tmits,  and  the  magnetic  units  derived  by  the  equa- 
tions given  in  the  table  correspond  to  the  cgs  electromagnetic 
units.  In  addition  to  these  magnetic  units  certain  others  are  widely 
used.    The  latter  units  are  the  ampere-turn  and  units  related  to 


DdUmgtr] 


Iniernatumal  Electric  System 


607 


it  These  units  maybe  shown  to  constitute  a  complete  alterna- 
tive set  of  magnetic  units,  their  use  requiring  certain  of  the  equa- 
tions to  be  changed  by  the  factor  4T.  The  two  sets  of  magnetic 
units  are  compared  in  Table  6  below. 

Magnetic  units  involving  the  inch  as  the  tmit  of  length  are  also 
in  use,  partictdarly  when  the  results  of  measturements  are  pre- 
sented in  the  form  of  curves.  While  it  would  be  possible  to  build 
up  a  definite  system  using  the  inch  as  the  unit  of  length,  these 
units  are  usually  regarded  as  isolated  units.  When  used  in  equa- 
tions, they  are  accompanied  by  suitable  numerical  factors. 

The  nomenclature  of  the  magnetic  units  is  somewhat  unsatis- 
factory. For  instance,  in  the  first  set  of  magnetic  tmits  just 
referred  to,  at  the  present  time  the  name  "gauss "  is  applied  both 
to  the  tmit  of  induction  and  the  tmit  of  magnetizing  force.  In 
order  to  bring  out  clearly  the  difference  between  these  two  quan- 
tities, some  general  considerations  regarding  the  magnetic  circtiit 
will  be  given  here. 

1.  THE  MAGIVBTIC  CIRCUIT 

A  tube  of  magnetic  induction  is  analogous  to  a  tube  of  electric 
displacement,  and  also  to  a  path  along  which  electric  current 
flows.  The  analogy  is  very  close  except  that  permeability  and 
reluctance  are  not  constant  in  magnetic  hiaterial.  The  strictness 
of  the  analogies  between  electric  and  magnetic  quantities  is  shown 
by  the  following  table: 

TABLE  2 
Comparlsan  of  Magnetic  and  Electric  Quantities 

[See  appendix  at  the  end  o£  this  paper  for  symbola] 


• 

Inm 

Ata 

paint  io 
ft  madlnai 

-1 
-i 

Q-'CS 

B-'uB 

The  analogy  between  the  magnetic  and  the  electrostatic  rela- 
tions is  much  better  than  that  between  magnetism  and  electric 
cturent  in  fact  although  not  in  form.  There  is  no  phenom- 
enon of  magnetic  conduction  corresponding  to  electric  conduc- 
tion, whereas  magnetic  induction  and  electric  displacement  are 
similar  phenomena  subject  to  the  same  laws.    Reluctance  is 

75741*>— 17 7 
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strictly  analogous  to  the  reciprocal  of  capacity;  this  is  suggested 
in  the  name  elastance,  which  Heaviside  gave  to  the  reciprocal  of 
capacity.  The  first  and  third  equations  in  the  last  column  are 
similar  except  for  the  factor  4ir,  which  is  without  ph5rsical  signifi- 
cance; in  fact,  this  dissimilarity  is  merely  a  peculiarity  of  one  set 
of  magnetic  units. 

The  only  vector  quantities  in  the  table  are  B  and  H  and  their 
analogues,  D  and  &  and  U  and  &.  Magnetomotive  force  9  and 
electromotive  force  E  are  line  integrals  of  the  two  field  intensities, 
H  and  £.,  respectively. 

The  term  ''magnetomotive  force"  (mmf)  has  been  restricted 
by  some  writers  to  mean  the  total  line  integral  of  H  along  a  closed 
path.  It  would  thus  have  a  value  different  from  zero  only  when 
the  path  of  integration  links  with  electric  current.  The  line 
integral  of  H  along  a  part  only  of  a  closed  path  was  called  magnetic 
potential  difference  (mpd)  or  magnetic  potential  drop,  or  even 
magnetomotive  force  drop.  According  to  these  conventions, 
while  a  magnetic  potential  difference  exists  between  the  poles  of 
a  permanent  magnet,  yet  one  could  not  speak  of  a  magneto- 
motive force  due  to  the  magnet,  because  the  mpd  between  the 
poles  in  air  is  equal  and  opposite  to  the  mpd  within  the  magnet. 
If  the  term  ** electromotive  force"  were  similarly  restricted,  there 
could  be  no  emf  due  to  a  battery  or  a  charged  condenser. 

Magnetomotive  force  is  in  fact  the  exact  analog  of  electro- 
motive force  and  bears  the  same  relation  to  magnetic  potential 
difference  as  emf  does  to  electric  potential  difference.  The  poten- 
tial difference  between  two  points  is  the  work  done  in  carrying 
imit  charge  from  one  point  to  the  other.  The  potential  difference 
between  the  ends  of  any  portion  of  a  circuit  is  equal  to  the  differ- 
ence between  the  emf  (or  mmf)  produced  in  that  portion,  by  any 
causes  whatever,  and  the  emf  (or  mmf)  expended  in  that  portion. 

2.  INDncnON  AND  MAGNETIZING  FORCE 

It  is  common  practice  in  electrical  engineering  to  use  the  name 
''gauss"  both  for  the  unit  of  magnetic  induction  and  the  unit  of 
magnetizing  force.  This  usage  is  recognized  by  the  American 
Society  for  Testing  Materials,^  and  provisionally  by  the  American 
Institute  of  Electrical  Engineers.*  If  induction  and  magnetizing 
force  be  looked  upon  as  the  same  physical  quantity,  it  is  natural 
and  unobjectionable  to  express  them  in  the  same  unit.    This  view 

*  Yearbook,  p.  195;  19x5.  ■  Standardization  Rules,  Rule  No.  90;  X9i5« 


zhUmifer]  International  Electric  Sy,stem  609 

has  been  a  consequence  of  the  importance  hitherto  assigned  to  the 
magnetic  pole.  Thus,  induction  and  magnetizing  force  may  be 
looked  upon  as  having  the  same  physical  nature  when  magnetizing 
force  is  defined  as  the  force  on  a  unit  magnetic  pole  in  a  medium 
and  induction  as  the  force  on  a  imit  magnetic  pole  in  a  very  short, 
wide  cavity  with  its  width  perpendicular*  to  the  direction  of 
magnetization  of  the  medium.  There  are,  however,  objections  to 
this  conception  of  induction,  which  will  be  pointed  out  below. 

The  electromagnetic  units  were  so  chosen  that  /Aq  (permeabiKty 
of  empty  space)  =  i .  This  simplifies  certain  calculations.  Thus, 
letting  jBo=  induction  in  a  nonmagnetic  medium,  the  equation 
Bq  =Mo^  ^^y  he  written  jB©  =H  in  electromagnetic  units.  Also, 
the  equation  J?=Bo+4ir/,  of  Table  i,  is  often  written  J?~i/  + 
4t/  in  electromagnetic  units.  The  numerical  equality  of  H  and  B 
in  nonmagnetic  media,  and  the  appearance  of  B  and  H  as  terms 
in  the  same  equation,  both  tend  to  encourage  the  idea  that  they 
are  of  the  same  physical  nature.  A  corollary  of  this  idea  is  that 
permeability  is  a  mere  numerical  ratio  and  not  a  physical  quantity. 
The  equations  B^^H  and  B^H-\-/^irJ  do  not  hold  in  imits  other 
than  electromagnetic,  as  will  be  shown  in  Section  IV. 

Arguments  from  the  dimensions  of  the  quantities  have  fre- 
quently been  adduced  in  attempts  to  settle  this  question  concern-' 
ing  the  units  of  B  and  i/.  It  has  been  maintained,  on  the  one 
hand,  that  B  and  H  are  dimensionally  identical  in  the  ordinary 
electromagnetic  system  (ji  suppressed) ,  and  are  therefore  express- 
ible in  the  same  imit;  and,  on  the  other  hand,  that  when  /i  is 
retained  as  one  of  the  fundamental  quantities  of  the  electromag- 
netic system,  B  and  i/are  dimensionally  different  and  therefore 
can  not  be  expressed  in  the  same  unit.  The  question  of  the 
"  gauss  "  has  recently  been  discussed  from  this  latter  standpoint  in 
an  interesting  article  by  M.  Ascoli.  (See  footnote  16,  p.  619.) 
Such  arguments  are  certainly  not  conclusive.  Dimensional  identity 
or  difference  tells  nothing  about  the  physical  difference  between  two 
quantities.  The  argiunent  that  dimensional  identity  indicates 
physical  identity  is  refuted  by  the  example  of  energy  and  torque. 
Who  would  measiure  torque  in  joules  or  calories  ?  To  maintain,  on 
the  other  hand,  that  dimensional  difference  proves  physical  differ- 
ence is  not  conclusive,  as  illustrated  by  the  very  fact  that  the  two 
sets  of  dimensions,  the  electrostatic  and  electromagnetic,  apply  to 
every  electric  quantity.     Dimensions  are  matters  of  convenience, 

*  Maxwell,  Electricity  and  Magnetism,  xmu*.  400. 
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and  dimensional  arguments  can  no  more  settle  a  question  of  the 
physical  nature  of  a  quantity  than  mathematical  convenience  can 
justify  the  physical  identification  of  lines  of  magnetic  force  and 
lines  of  magnetic  induction.  Inasmuch  as  dimensional  reasoning 
has  been  considered  by  various  writers  to  be  valid  to  decide  the 
physical  relation  of  B  and  H,  it  is  thought  worth  while  to  consider 
further  in  this  paper  the  actual  physical  natiu'e  of  the  two  quan- 
tities. 

There  are  a  number  of  reasons  for  considering  induction  and 
magnetizing  force  to  be  different  in  physical  nature,  just  as  the 
deflection  of  a  spring  is  physically  different  from  the  mechanical 
force  producing  it.  As  the  names  of  the  two  quantities  suggest, 
B  characterizes  the  magnetized  state  of  the  medium  and  H  is  the 
agency  tending  to  prodtux  a  magnetized  state.  Perhaps  the  dis- 
tinction is  most  clearly  seen  by  the  analogies  ftunished  in  the 
discussion  of  the  magnetic  circuit  (preceding  section) .  There  is  no 
confusion  between  D,  the  electric  displacement,  which  character- 
izes a  state  of  the  medium,  and  &,  the  electric  field  intensity  which 
produces  the  displacement.  The  distinction  is  even  clearer  be- 
tween U,  the  current  density  in  a  medium,  and  the  &  which 
causes  it. 

Another  analogy  which  points  to  the  physical  distinctness  of 
B  and  H  and  to  m  a^  a^  physical  property  rather  than  a  mere 
numerical  ratio  is  based  on  the  energy  of  the  medium.  The 
various  kinds  of  energy  are  each  the  product  of  two  factors. 
Energy  may  be  a  force  x  a  distance,  a  mass  X  half  the  square 
of  a  velocity,  a  presstu-e  X  a  voliune,  etc.  The  energy  density 
of  an  electrified  meditun  is  proportional  to  Z7&,  and  of  a  magne- 
tized medium  is  proportional  to  jHdB.  The  energy  density  of  a 
magnetized  medium  may  be  written  (where  /a  is  constant')  as 

gpLt//'.     If  M  were  a  mere  nmnerical  ratio,  the  magnetic  energy 

density  would  involve  a  ** generalized"  force  without  the  corre- 
sponding **flux.''  This  would  be  contrary  to  the  usual  dynamical 
ideas 

Again,  /a  is  one  of  the  two  quantities  (ji  and  K)  which  are 
effective  in  the  propagation  of  electromagnetic  waves.  There- 
fore /i  must  be  an  actual  physical  property  (for  two  physical 
prop^ties  are  dynamically  necessary  in  a  meditmi  for  the  propa- 

*  Stace  |i  is  not  constant  for  magnetic  materials,  the  usual  expression  for  the  energy  density  is  not  very 
useful.  The  correct  expression  is  in  the  integral  form.  Most  reference  books  fail  to  emphasise  this  soffi- 
ciently. 
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gation  of  waves)  unless  K  involves  both  properties.  If  elec- 
tricity is  of  djmamical  nature,  therefore,  either  ^  or  K  must  be 
a  physical  quantity  and  both  may  be. 

In  a  number  of  respects  B  and  H  are  of  quite  a  different  char- 
acter. At  the  surface  of  separation  between  two  media  only 
the  normal  component  of  B  is  continuous,  while  only  the  tangen- 
tial component  of  H  is  continuous.  It  is  possible  for  induction 
to  exist  in  a  material  with  no  magnetizing  force.  An  example 
of  such  a  case  is  a  permanent  ring  magnet  with  no  applied  H,  in 
which,  therefore,  H^o  and  B  is  finite.  (An  interesting  electrical 
analog  of  this  is  Kammerlingh  Onnes's  electrical  conductor  at  a 
temperature  very  near  the  absolute  zero,  in  which  there  was  a 
cturent  with  no  electromotive  force.) 

The  point  under  discussion  may  be  considered  from  the  stand- 
point of  convenience.  While  the  conception  of  B  and  H  as  phys- 
ically equivalent  was  found  desirable  in  magnetic  theories  based 
upon  magnetic  poles,  it  is  not  so  useful  when  the  relations  of 
magnetism  to  electricity  are  dealt  with.  While  a  given  H  is  asso- 
ciated with  a  given  current,  it  is  B  that  is  concerned  in  the  phe- 
nomenon of  induced  electromotive  force;  that  is,  induced  electro- 
motive force  depends  on  the  meditun,  while  cturent  and  its  accom- 
panying H  are  independent  of  the  medium.  Since  these  relations 
are  at  the  basis  of  most  magnetic  practice,  it  is  just  as  desirable 
to  consider  B  and  H  to  he  different  quantities  as  electromotive 
force  and  current. 

If  it  be  agreed,  in  accordance  with  the  foregoing  considerations, 
to  look  upon  B  and  H  as  physically  distinct  entities,  the  question 
remains:  Should  units  of  the  two  quantities  be  known  by  the 
same  name?  The  author  would  answer  this  question  in  the 
negative.  It  is  always  awkward,  and  tends  to  confusion,  when 
the  same  name  is  used  for  units  of  two  physically  different  quan- 
tities. One  will  not  be  certain  in  all  cases  which  quantity  he  is 
dealing  with.  A  number  of  examples  of  this  sort  of  confusion 
are  readily  foimd.  An  instance  is  the  **poimd,'*  used  for  the 
unit  of  mass  and  also  for  the  tmit  of  force  or  weight  in  engineering. 
This  use  of  "pound"  as  the  name  for  both  units  tends  to  obscure 
the  difference  between  mass  and  weight,  and  to  complicate  dis- 
cussions of  the  variation  of  weight  arising  from  the  variation  of 
the  acceleration  of  gravity.  Another  example  occurs  in  connec- 
tion with  the  units  of  energy  and  torque.  The  term  "kilogram- 
meter  "  might  serve  for  the  unit  of  either  energy  or  torque.  In 
order  to  show  which  is  meant,  however,  it  is  considered  •  worth 

*  C.  Hering .  Convcnioa  Tablet,  p.  7a ;  1904. 
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while,  when  giving  the  unit  of  torque,  to  reverse  the  customary 
designation  of  the  unit  of  energy,  thus  using  "meter-kilogram" 
for  the  torque  tmit;  or,  following  Kennelly,  to  indicate  that  it  is  a 
perpendicular  product  by  the  expression  ''kilogram  perp.  meter." 

Nomenclature  is  sometimes  proposed  which  overlooks  the  disad- 
vantage of  calling  two  different  things  by  the  same  name.  Thus, 
in  the  Giorgi  system  of  units  described  below,  it  was  proposed  to 
call  the  unit  of  magnetic  permeance  the  henry.  This  suggestion 
has  not  met  with  much  favor;  while  permeance  has  the  same 
dimensional  formula  as  inductance,  it  is  none  the  I6ss  a  distinct 
physical  quantity.  The  same  fundamental  objection  applies  to 
a  proposal  now  being  considered  ^  to  call  a  imit  of  luminous  flux 
the  watt.  Luminous  flux  is  detected  physiologically,  and  as  long 
as  it  has  a  ph3rsiological  aspect  can  not  be  expressed  in  terms  of 
a  purely  physical  tmit. 

Still  another  similar  case  is  the  use  of  '*  centimeter  "  as  the  name 
for  the  cgs  electrostatic  unit  of  capacity  and  also  as  the  name  for 
the  cgs  electromagnetic  tmit  of  inductance.  Neither  inductance 
nor  capacity,  of  course,  is  physically  the  same  as  length  and  the 
name  is  therefore  not  entirely  satisfactory. 

Finally,  the  objection  to  using  the  same  name  for  tmits  of  two 
or  more  different  physical  quantities  may  be  put  upon  the  basis 
of  convenience.  It  conduces  to  misunderstandings  to  use  a  word 
in  several  different  meanings.  The  difficulties  are  perhaps  less 
serious  after  one  becomes  familiar  with  the  nomenclatme  and 
understands  the  double  meanings,  but  they  are  a  serious  stum- 
blingblock  to  the  formation  of  ideas  by  students.  In  practice  it 
is  better  to  have  the  tmits  distinctively  named.  So  long  as  "  gatiss" 
is  used  both  for  the  unit  of  B  and  of  H,  if  one  were  told  that  100 
gausses  were  used  in  the  iron  of  a  certain  apparatus  (similarly  to 
the  use  of  a  certain  ntimber  of  amperes  or  volts  in  an  electric  cir- 
cuit) he  would  not  know  xmless  aided  by  context  or  convention 
whether  gausses  of  B  or  oiH  were  meant.  The  difficulty  is  made 
worse  by  the  fact  that  the  name  ''gauss"  has  been  used  for  the 
unit  of  still  another  qtiantity;  it  was  tentatively  adopted  by  the 
British  association  committee  on  electrical  standards  in  1895  for 
the  cgs  tmit  of  magnetomotive  force. 

At  the  present  time  gauss  is  used  more  generally  for  the  c^ 

tmit  of  B  than  in  any  other  sense,'  and  it  is  probably  well  to  use 

* 

^  Ives,  Phys.  Rev..  S,  p.  370:  Z9>5- 

*  The  statement  is  frequently  made  that  the  cgs  unit  of  H  is  regularly  called  the  **  gauss  "  in  terrestrial 
magnetic  work.  This  is  by  no  means  true,  there  being  no  consistency  of  practice  regarding  the  unit  of  H 
in  that  field  of  work. 
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it  only  in  that  way.  A  name  that  is  widely  used  for  the  cgs  unit 
of  if  is  the  gilbert  per  centimeter,  the  cgs  unit  of  9  being  the 
gilbert.  (This  is  similar  to  the  expression  of  electric  field  inten- 
sity in  volts  per  centimeter.)  The  cgs  unit  of  0  is  the  maxwell. 
When  it  is  desired  to  avoid  the  term  "gauss"  altogether,  the  cgs 
unit  of  S  is  called  the  maxwell  per  square  centimeter. 

IV.  RATIONALIZATION  OF  THE  XTNITS 

Oliver  Heaviside  •  pointed  out  in  1882  that  the  factor  4T  could 
be  removed  from  many  of  the  electric  and  magnetic  equations  by 
the  use  of  a  new  set  of  units.  He  called  them  ** rational"  units, 
because  some  of  the  equations  appeared  to  have  a  more  reason- 
able correspondence  with  the  underlying  theory  when  4T  was 
eliminated.  Since  that  time  there  have  been  other  proposals  to 
define  imits  which  would  change  the  position  of  4T  in  the  equa- 
tions. The  term  "rationalization "  has  persisted  in  the  literature, 
meaning  a  redistribution  of  the  4T  's  in  an  advantageous  manner. 

1.  THE  HEAVISIDE  SYSTEM 

The  tmits  used  by  Heaviside  and  by  a  few  recent  writers  differ 
by  powers  of  4T  from  the  ordinary  cgs  imits.  In  these  imits  the 
factor  4T  is  eliminated  from  certain  formulas,  and  the  electric 
and  magnetic  equations  are  made  synunetrical.  These  tmits  are 
used  as  a  Gaussian  system;  that  is,  electrostatic  units  are  used  for 
ptuely  electric  quantities  and  electromagnetic  tmits  for  magnetic 
quantities.  Every  equation  containing  both  electric  and  mag- 
netic quantities  must  contain  as  a  factor  the  first  or  second  power 
of  c,  the  number  of  electrostatic  units  in  one  electromagnetic  unit 
of  electric  charge,  which  is  equal  to  the  velocity  of  light  in  space. 
For  instance,  the  equations  for  magnetic  flux  become 


0»c-^»c  I  E  dt 


N 


Heaviside  suggested  that  units  of  more  practical  magnitude  could 
be  obtained  by  taking  10*  times  certain  of  his  units  instead  of 
using  the  various  multiples,  lo*,  lo*,  lo-^  of  the  "  practical " 
electromagnetic  units.  His  suggested  multiples  have  never  come 
into  use. 

•  Electridan.  10»  p.  6,  x88a;  Blectrical  Papers,  1.  pp.  199.  363,  43a;  2.  pp.  543.  575t  xSga. 
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Table  3  shows  that  the  factor  4ir  has  been  removed  from  every 
equation  which  contained  it  in  the  Ordinary  systems.  The  same 
factor  has  been  caused  to  appear  in  certain  equations  which  were 
formerly  free  from  it.  It  is  sometimes  stated  as  the  main  objec- 
tion against  the  Heaviside  system  that  it  merely  shifts  the  ^t 
from  some  formulas  to  others.  However,  the  existence  of  /^ir  in 
the  formulas 

V^      Q     ,F-   ^^'  .  and  5^     ^ 

and  the  three  analogous  formulas  in  magnetism  are  not  trouble- 
some because  these  equations  are  seldom  used  in  numerical  com- 
putations. The  4ir  is  removed  from  the  equations  used  in  prac- 
tical work,  where  its  presence  is  obnoxious.  Furthermore  there 
is  some  theoretical  justification  for  the  47  in  those  equations 
which  contain  it  when  Heaviside  tmits  are  used.     Consider,  for 

instance,  H^ 1.    If  we  define  the  unit  pole  so  that  unit  flux 

4x/*r'  '^ 

emanates  from  it,  we  should  have,  since  B^-^f  for  a  spherical 

fit 
surface   sturotmding  m   at  the   distance  r,   B  —  — — r—    From 

fit 

B^IjlH,  it  follows  that  H^ 5-;  that  is,  4irf*    suggests    the 

circumscribing  sphere. 

The  4x  is  not  only  removed  from  5  « ^vNI,  but  also  from  curl 
H^^T  U  and  other  forms  of  the  First  Law  of  Electromagetism. 
(The  various  forms  of  the  law  are  given  on  p.  625.)  Some  forms  of 
the  law  do  not  contain  4^  in  the  ordinary  units,  but  do  in  Heavi- 
side units,  as  follows: 

Q=/  —  (a>  =  solid  angle) 
4c 

H  = f  for  an  infinitely  long,  straight  conductor. 

Many  formulas  for  electrostatic  capacity  are  more  convenient 
in  Heaviside  than  in  ordinary  imits.  The  capacity  of  a  sphere, 
however,  is  Kr  in  ordinary  units,  and  /^tcKt  in  Heaviside  units. 
It  is  desirable  to  have  the  47,  which  originates  in  the  properties 
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of  a  sphere,  appear  in  the  formulas  pertaming  to  sph^es  rather 

than  elsewhere.    It  is  a  practical  convenience,  also,  to  have  the 

awkward  numerical  coefficient  in  the  formula  for  a  sphere  rather 

KS 
than  in  the  formula  for  a  plate  condenser,  C  «-y »  since  the  latter 

is  the  only  case  that  is  frequently  met  with  in  practice. 

In  the  Heaviside  system  the  factor  4ir  is  not  only  removed  from 
all  the  formulas  where  it  occurs  in  the  ordinary  systssDs  to 
more  appropriate  places  in  the  theory,  but  the  formulas  of  elec- 
trostatics and  magnetism  are  also  made  identical  in  form.  The 
symmetry  and  convenience  of  the  system  haye  aroused  admira- 
tion in  many  who  have  studied  the  electric  units.  It  was  seriously 
considered  for  general  adoption  in  England  in  1895  and  again  in 
1905.  The  enormous  difficulties  of  changing  the  magnitudes  of 
practically  all  electric  units  and  standards  stood  in  the  way  and 
will  render  the  change  more  and  more  impossible  as  time  goes  on. 
Some  writers  "  on  the  theory  of  electricity  use  these  units  at  the 
present  time,  leaving  it  to  their  readers  to  introduce  conversion 
factors  when  applying  the  theory  to  measurements.  This  makes 
the  reading  of  their  works  much  more  difficult  for  the  majority  of 
students  and  electrical  workers.  As  already  shown,  the  ^t  neces- 
sarily appears  in  some  places,  so  that  the  reader  is  not  freed  from 
considering  it  but  must  deal  with  it  in  a  way  entirely  unfamiliar 
to  him.  The  removal  of  this  factor  from  certain  equations  is 
furthermore  not  necessarily  an  advantage,  as  will  be  shown  below 
(p.  626). 

2.  OTHER  ATTBMPTS  TO  BUMINATB  4w 

The  demand  for  a  rationalization  of  the  units  has  increased  as 
electric  waves  have  come  into  prominence,  requiring  the  simulta- 
neous use  of  more  parts  of  electromagnetic  theory  than  other 
phenomena  require.  In  1900  the  American  Institute  of  Electrical 
Engineers  adopted  a  recommendation  to  bring  up  the  matter  at 
the  next  international  electrical  congress. 

There  have  been  a  niunber  of  attempts  to  evade  the  4T  difficulty 
without  recourse  to  the  Heaviside  system,  which  would  require 
such  an  uprooting  of  all  existing  units  and  standards  in  electricity. 
The  first  proposal  was  that  of  Prof.  John  Perry  in  1889,  and  all  the 
subsequent  proposals  have  been  variations  of  Perry's.  He  was 
requested  by  the  British  association  electrical  standards  commit- 

M  H.  A.  Iiormtz,  ThtXhtonrdi  Slectrau*  X909;O.  W.  RidianJacm,  The  Stectron  ThieQrjr  of  Matter,  1914' 
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« 

tee  to  prepare  a  report  on  magnetic  units  and  published  his  pro- 
posal ^^  in  1891 .  Hie  idea  was  to  define  a  new  unit  of  permeability 
soastomake/io»4TXio-'.  The  unit  of  S  was  to  be  the  ampere- 
turn,  of  H  the  ampere-turn  per  centimeter,  and  of  0  and  B  10' 
times  the  cgs  electromagnetic  tmits.  These  tmits  permitted  the 
retaining  of  the  equation  B  =  /xi/,  unchanged  in  form.  They  also 
gave  the  following  simplified  equations : 

Q  ^NI  (/  being  in  amperes). 

^-E  (volts). 
at 

The  4x  is  eliminated  from  the  first  of  these  equations  and  the 
factor  10^  from  the  second.  These  units  do  not  furnish  a  satis- 
factory solution  to  the  difficulty  because  of  the  change  in  the 
value  of  /I.  The  convenience  of  having  /i  =  i  for  the  ether  or  for 
air  has  been  too  great  to  be  sacrificed. 

Since  Perry's  proposal,  the  same  or  nearly  the  same  idea  has 
been  suggested  by  several  different  persons.  F.  G.  Baily  "  made 
the  identical  suggestion  in  1895.  In  1900  R.  A.  Pessenden  "  pro- 
posed that  Mo  be  taken  »47r,  and  that  similarly  a  new  tmit  for 

dielectric  constant  be  defined  such  that  Ko^ — •    The  unit  of  A 

was  to  be  the  cgs  electromagnetic  tmit,  and  the  unit  of  &  10  ampere- 
tiuns.  This  proposal  redistributed  the  4t's  in  the  electric  and 
magnetic  equations  just  as  the  Heaviside  units  do.  Objections  to 
giving  Mo  £uid  Ko  values  different  from  i  has  prevented  acceptance 
of  this  system,  just  as  in  the  case  of  the  Perry  units. 

The  system  proposed  by  Pessenden  involved  the  abandonment 
of  the  ohm,  ampere,  and  other  "practical"  units  and  the  use  of 
cgs  electromagnetic  tmits  instead.  A  modification  of  Fessen- 
den's  system  was  suggested  by  J.  A.  Fleming."  The  value  of 
Mo  was  taken =4ir,  as  in  Pessenden 's  system,  and  the  "practical-" 
mtiltiples  of  the  cgs  tmits  suggested  by  Heaviside  were  used ;  that 
is,  the  unit  of  resistance  was  to  be  10"  cgs  electromagnetic  tmits, 
the  unit  of  ctnrent  i  cgs  tmit,  etc.  The  single  multiplier  10  •  was 
to  be  used.    The  advantage  of  these  proposed  units  is  slight  com- 

1^  Electrician,  87,  p.  355;  1891. 

u  Electrician,  86,  p.  449;  1895. 

V  Elee.  World,  S§,  p.  s8a,  zgoo;  Phys.  Rev^.,  10,  pp.  x,  83, 1900. 

M  Electrician,  44,  pp.  334, 366, 403;  1900. 
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pared  with  the  inconvenience  of  abandoning  those  at  present  in 
use. 

It  was  shown  by  G.  Giorgi"  in  1901  that  an  entire  system  could 
be  built  up  about  the  idea  of  Peny  retaining  the  ordinary  units 
such  as  the  ohm  and  the  volt.  The  same  system  was  proposed  a 
little  later  by  D.  Robertson.  Giorgi  called  it  the  "absolute  prac- 
tical "  system,  because  it  is  a  single  coherent  system  utilizing  the 
"practical"  electric  units.  The  system  has  a  unique  dimen- 
sional basis,  the  fundamental  qtiantities  bemg  length,  mass,  time, 
and  electric  resistance.  As  the  units  of  these  he  chose  the  meter, 
the  kilogram,  the  second,  and  the  international  ohm.  This  system 
is  rationaUzed — ^that  is,  the  4  t*s  are  redistributed — exactly  as  in 
the  Heaviside  and  the  Pessenden  systems.  There  is  a  very  com- 
plete correspondence  of  the  electric  and  magnetic  equations. 

m 

Because  of  the  sjrmmetry  and  consistency  of  the  system,  Giorgi 
was  led  to  give  the  same  name  to  units  having  the  same  dimen- 
sions; for  example,  henry  for  inductance  and  for  permeance, 
ampere  for  current  and  for  magnetomotive  force.  He  would  also 
express  both  energy  and  torque  in  joules.  Such  terminology  is 
misleading,  as  pointed  out  above;  ampere-turn  is  a  much  better 
name  for  the  tmit  of  magnetomotive  force,  reserving  ampere  for 
current. 

Many  of  the  units  are  those  at  present  in  use.  A  few,  like  the 
coulomb  per  square  meter  and  the  ampere-turn  per  meter,  are 
not  tised.  The  weber  is  not  used,  being  too  large  a  unit  for  the 
requirements  of  practice.  The  units  of  K  and  m  are,  of  course, 
the  least  satisfactory.  They  are  so  chosen  that  if  © —8.842  x  lo*" 
and  /io  - 1.2566  X I  o"'.  The  Heaviside  system  is  preferable  in 
this  respect,  since  it  makes  Ko^i  and  /Uo « i.  The  superiority  of 
the  Giorgi  system  is  its  retention  of  the  ordinary  "practical'' 
units  for  the  principal  electric  quantities.  Its  equations  also  are 
slightly  more  dmple  in  form  tban  the  Heaviside  equations,  since 
the  factor  c  is  not  required  in  &  « iV/  and  other  equations  involving 
both  electric  and  magnetic  quantities.  In  its  completeness  and 
consistency  the  Giorgi  system  is  admirable.  Its  advantages,  how- 
ever, largely  depend  on  acceptance  of  the  system  as  a  whole,  and 
the  requirements  of  practice  always  work  against  the  consistent 
use  of  a  single  system  of  units.  In  practice,  convenient  decimal 
multiples  are  used. 

^  Blectridan.  49,  p.  993,  xgoa;  Trans.  Int.  Cong..  St.  Louis,  1904. 1*  P^  zjo,  136. 
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TABLB4 
Giof^Sjstem 


Quantity 


R. 
/. 

E. 

Q 

c. 

K 

e 

H 
B. 

/. 


trntt 


Ohm.' 

Ampeie 

Volt 

Coolomb 

Faimd 

Farad  per  meter.. 

Volt  per  meter 

Coulomb  per  m^. 
Henry 

Ampere. 

Ampere  per  meter 

Weber 

Weber  per  m' — 
Henry  per  meter.. 

l/hflory 

Weber  per  m' 

Henry  per  meter.. 
Weber 


DioiMiiloiud 


L     T*/.     J 
VLMHTX 


r  Af /«  1 

[Tin 

r  Af /■  "] 

\jntR}it\ 

L    ^*/»  J 

[Af/t/y/ti 
Lrvt  J 
[?] 

L  LTVi  J 


ra 


[LMHtR'li 


] 


Cfl 
neHc  imltB  in 
Oiacilantt 


I(H 

10* 

4r 

10" 

10* 

1(H 

4y 
10 

4r 

108 
10* 

4x 
4r 

TcF" 
10* 

4x 
10^ 

10» 


M.  Ascoli  has  recently  shown  *•  that  it  is  possible  to  frame  a 
system  which  retains  the  ordinary  "practical"  units  for  certain 
quantities,  but  is  based  on  the  meter,  kilogram,  second,  and  iUo  =»  i ; 


u  VBlettrotecnica,  %,  p.  731*  Z9Z5.    (Tnuulation  by  Kenndly  in  Blec.  World.  67,  p.  876, 19x6.) 
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by  inserting  a  numerical  factor  X  in  the  equation  ^  •*"T7"  iF  is  the 

force  on  a  magnetic  pole  m  at  distance  /  from  the  infinitely  long, 
straight  current  7).  He  states  that  this  quantity  X  is  a  fifth 
fundamental  quantity  in  a  S3rstem  of  electric  and  magnetic  units. 
This  does  not  seem  justified,  for  X  is  not. a  physical  quantity  or 
property.  It  is  merely  a  numerical  constant,  of  the  same  standing 
as  a  constant  a  would  be  in  the  relation  between  current  and 

quantity  of  electricity,  thus,  I^^-    It  does  not  lead  to  any  useful 

result  to  give  X  a  value  different  from  unity.  In  the  system  which 
AscoU  proposes  (not,  of  course,  for  practical  use),  X=»io''"«3i62. 
The  magnetic  tuiits  have  pectdiar  magnitudes  in  this  system.  The 
unit  of  Hy  for  instance,  is  ^fio  cgs  electromagnetic  imits.  Since  this 
system  gives  new  luiits  of  incommensurable  values  and  makes  cer- 
tain equations  more  complicated,  there  does  not  seem  to  be  any 
justification  for  the  unusual  assumption  on  which  it  is  based. 
This  system  does  not  affect  the  47r  situation  at  all;  it  is  like  all 
the  other  systems  discussed  in  this  section  merely  in  that  it  modi- 
fies the  accepted  equations  and  luiits. 

The  only  writer  at  the  present  time  (so  far  as  the  author  has 
fotmd)  who  uses  units  such  that  K^  and  Mo  contain  the  factor  4ir 
is  Prof.  V.  Karapetoff.  He  makes  use  of  the  international  ohm 
and  ampere  as  fundamental  units,  uses  the  ampere-turn  for  9  and 
the  cgs  units  for  0  and  B.  In  building  up  the  system  of  units,  he 
removes  the  factor  47r  from  certain  defining  equations,  resulting 
in  new  units  of  K  and  /*•  The  relation  of  these  units  to  4X  is 
regarded  by  Prof.  Karapetoff  as  pturely  an  incidental  or  historical 
matter.  This  system  has  a  commendable  simplicity .  It  involves 
few  changes  from  the  ordinary  units.  The  4t's,  of  coturse,  require 
caution,  as  their  removal  from  certain  equations  means  their 
reappearance  in  certain  others.  This  system  gives  the  most  logi- 
cal basis  for  magnetic  imits  of  the  Perry  t)Tpe  (/*©  and  Ko  different 
from  tmity),  in  that  it  takes  the  international  ohm  and  ampere  as 
starting-points  in  the  system  instead  of  /t  or  K. 

All  of  these  proposals  to  eliminate  4^  without  recourse  to  the 
Heaviside  system  have  involved  the  incorporation  of  4T  in  the 
value  of  /x.  The  fundamental  feattures  of  the  various  systems  are 
compared  in  the  following  table: 
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TABLE  5 


Proposals  Regarding  Magnetic  Units 


Author  of 
propoMU 


den. 


Plff«nfH£, 


OiOTBL. 


l»o 


4x 


4xXlor* 


4ir 
10* 


Unit  of  magneto- 
motive force 


Ampefo-turn 

10  ampere-tuins. 

do 


Ampefe-toni . 
do 


Unit  oi  flnx 


10*  cgi  electromegnetic 
1  cgs  electromagnetic 

do 


10*  cgs  electromagnetic 
1  cga  electromagnetic. . 


Remarks 


X,-^  etoctroatatic. 
I  Cge  lyitem  XBttonalixed. 

/Unit  of  J?-  10*  CCS. 
\Unitof/-lcgs 


i 


r  wuu  WA  .n ^  xv  i«cii« 

tUnitof/-lcgs. 

rJ^-8.842X104>  electrostatle. 
L"Practteal"syttemxatlonaUnd» 

I  fCo^T"  tfectroatstte* 


oThe  values  of  mo  and  Ko  are  not  fundamental,  but  derived,  in  the  Karapetoff  system.  They  resnlt 
from  the  use  of  the  ampere  and  ohm  as  f nndamental  units  together  with  the  elimination  of  4V  from  oer> 
tain  eonations. 

3.  THB  TWO  SBTS  OF  MAGNBTIC  UIVITS 

As  pointed  out  at  the  beginning  of  Section  III,  two  sets  of  mag- 
netic units  are  actually  in  use,  both  being  derived  from  the  inter- 
national electric  units.  The  point  of  departure  between  the  two 
is  magnetomotive  force,  the  unit  being  the  gilbert  in  one  set  of 
units  and  the  ampere-turn  in  the  other.  The  ampere-turn  is  in 
widespread  use,  particularly  among  those  who  work  with  mag- 
netic apparatus.  It  has  usually  been  regarded  as  an  isolated  unit 
rather  than  a  member  of  a  system.  It  will  be  shown  here  that 
its  use  leads  very  simply  to  a  complete  set  of  magnetic  units, 
which  are  furthermore  rationalized  at  least  as  satisfactorily  as  the 
Heaviside  units. 

The  ampere-turn  is  a  very  convenient  unit  of  mmf ,  the  mmf  in 
a  magnetic  circuit  being  equal  to  the  product  of  the  number  of 
amperes  by  the  number  of  turns  of  the  electric  circuit  linking  the 
magnetic  circuit.  The  magnetic  potential  difference  along  a  part 
of  the  magnetic  circuit  can  be  expressed  in  ampere- turns  also,  just 
as  volts  can  be  used  to  express  the  electric  potential  difference 
between  two  parts  of  a  circuit  as  well  as  the  total  emf  induced  in 

the  circuit.    The  ampere-turn  is  equal  to  —  gilberts,  and  both 

may  be  used  for  mmf  *s  or  for  mpd'*s  produced  otherwise  than  by 
electric  currents,  just  as  the  **  pound  "  is  used  as  a  unit  for  forces 
produced  otherwise  than  by  gravity. 

From  the  ampere-turn  is  derived  the  ampere-turn  per  centi- 
meter as  the  unit  of  H.    This  is  a  very  useful  unit,  but  the  name 
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"ampere-turn  per  centimeter"  may  be  misleading;  a  new  name 
would  be  desirable.  H  inside  a  solenoid  is  not  equal  to  the  product 
of  the  number  of  amperes  by  the  number  of  turns  per  centimeter 
of  winding,  except  in  the  case  of  a  torus  or  a  very  long,  single-layer 
solenoid.  The  "per  centimeter"  in  the  name  of  this  imit  does 
not  apply  to  "  turn  "  but  to  **  ampere-turn" ;  that  is,  in  a  magnetic 
circuit,  H  at  any  point  is  the  magnetomotive  force  per  unit  dis- 
tance along  the  magnetic  circuit  at  that  point.  The  tmit  of  mmf 
being  the  ampere-turn,  the  unit  of  H  is  thus  the  ampere-turn  per 
centimeter  of  the  magnetic  circuit.  Prof.  Elarapetoff  has  sug- 
gested the  name  **  atcen  "  as  a  convenient  abbreviation  for  ampere- 
turn  per  centimeter.  A  possible  objection  to  this  term  is  that  its 
formation  suggests  a  product  (as  in  such  words  as  foot-pound) 
instead  of  a  quotient,  which  the  "  per  "  indicates.  It  has,  however, 
the  advantage  of  brevity,  and  is  readily  tmderstood. 

Table  6  gives  the  two  sets  of  magnetic  units.    The  relations 
involving  the  ampere-turn  are  here  extended  to  form  a  complete 

TABLE  6 
The  Two  Sets  of  Magnetic  Units 


Quantity 


ffl. 


Ordinary  nugXMtlc  imtts 


Untt 


GUbert. 


Gilbert  per  cm. 


MaxweU 


{ 


Maxwell  per 

cm^ 
GmaM 


Oersted 


SQnattais 


5-f?;  Ni. . 


H 


10 


1 


ds   •••• 
0a-lO>rEdt 

^    dS 


S-mH 


Ampen-tum  uaiti 


Untt 


Ampere-turn . . 

Ampere-turn 
per  cm 

MaxweU 


Maxwell   per 

cm> 
Gausa 


{ 


Ampere-turn 
per  maxweU 


MaxweU 


TtHiiittff"* 


^^NI 


]^     ds"" 
^=10«jEdt 


I 


^"dS 


0«->fl» 


Ordtauf 
aoJti  In  ono 


iintt 


10 

4x 
10 

1 


4x 

10 


4r 

1 
4x 

1 
4r 
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system,  alternative  to  the  ordinary  magnetic  units.  The  table  is  a 
supplement  to  Table  i ;  the  equations  are  based  on  the  four  f tmda- 
mental  units,  the  international  ohm,  international  ampere,  centi- 
meter, and  second.  In  addition  to  these  magnetic  tmits,  a  few 
isolated  tmits  are  also  in  use,  employing  the  inch  instead  of  the 
centimeter. 

4.  THB  AMPBRS-TURK  UJXITS 

The  imits  of  the  second  set  in  Table  6  are  similar  to  those  of 
Perry,  Fessenden,  and  Elarapetoff,  with  the  very  important  dif- 
ference that  Mo  — If  and  thus  no  new  or  strange  units  are  intro- 
duced. The  only  novelty  is  the  presentation  of  the  equations 
required  to  make  the  ampere-turn  fit  in  with  the  units  of  other 
magnetic  qtiantities.  It  fortunately  turns  out  that  these  equa- 
tions contain  the  factor  4T  in  appropriate  places.  In  a  sense,  the 
system  is  more  conveniently  "rationalized"  than  the  Heaviside 
system. 

The  use  of  the  same  unit  for  magnetic  pole  strength  and  for 
flux  is  not  common,  because  the  two  quantities  are  not  equal 
numerically  in  the  ordinary  uxiits.  It  has,  however,  been  sug- 
gested by  the  authors  of  systems  in  which  the  units  are  rational- 
ized, as  the  two  quantities  have  the  same  physical  nature.  In 
analogous  fashion,  dielectric  displacement  and  electric  charge 
density  are  phj^ically  similar,  and  the  same  unit  is  used  for  both* 
The  use  of  the  maxwell  as  the  unit  of  m  leads  to  the  important 
consequence  that  /  is  expressed  in  the  same  unit  as  the  physi- 
cally similar  B.  This  usage  results  in  changing  the  equation 
B  ^Bq  +47r  J  into  the  simpler  B^B^  +/.  Some  of  the  equations 
are  thus  simplified,  not  by  mtroducing  new  units,  but  by  using 
the  ordinary  units  for  quantities  to  which  they  have  not  commonly 
been  applied. 

In  the  ampere-turn  units  of  Table  6  the  4T  has  been  removed 
from  every  equation  which  contained  it  when  using  ordinary 
units.     It  will  also  be  noted  that  in  the  equations  given  in  ampere- 

turn  imits  att  occurs  only  in  the  factor  —  in  connection  with 

u  or  jc.  This  factor  in  B^—uH  does  not  mean  an  addition  of 
•^  10 

47  to  calculations;  it  merely  comes  to  the  surface  in  this  equation 
because  H  is  expressed  in  ampere  turns,  which  removes  the  — 
from  the  relation  between  9  and  /.    When  the  field  is  due  to  a 

75741*^—17 8 


L 


624  Bulletin  of  the  Bureau  of  Standards  [Vcl  13 

solenoid,  the  4ir  can  not  be  escaped  in  the  calculations.  That  it 
is  legitimate  in  every  way  to  have  4T  in  the  relation  between 
B  and  H  is  suggested  by  the  analogous  relation  in  electrostatics, 

Z? — —  KQy,    Similarly,  the  equation  for  permeance,  the  reciprocal 

of  reluctance,  'S'^      ^*  ^^  analogous  to  the  equation  for  capacity 

I  KS 
of  a  plate  condenser,  C  = r--    The  fact  that  47r  appears  in  the 

numerator  in  the  magnetic  relations  and  in  the  denominator  in 
the  electrostatic  relations  is  of  no  physical  significance,  but 
explains  the  appearance  of  the  factor  (47) '  in  the  equations 
below,  pertaining  to  magnetic  poles.  The  equations  on  the  left 
are  in  ordinary  magnetic  units  and  on  the  right  in  ampere-turn 
units. 


0— 

lir 

Q-io»—(W^  in  joules) 
.  fit 


mm 


(4x)»  /if 

W 
0-io«^(W^  in  joules) 

rr  10      tn 

mH  «•  10  F  (F  in  dynes) 
_,        I     mm  » 


fnH-=^F  (F  in  dynes) 

The  awkward  factors  on  the  right  are  not  a  soturce  of  incon- 
venience in  calculations  because  these  eqtiations  are  of  no  tech- 
nical importance  whatever.  These  equations  are  not  even  essen- 
tial to  the  theoretical  development  of  the  international  system, 
as  shown  in  Table  i.  In  the  Heaviside  and  all  other  rationalized 
systems  the  4T  is  removed  from  equations  used  in  practice  and 
relegated  to  these  equations.  In  fact,  the  factor  {^tY  really  occurs 
in  the  Giorgi  and  similar  systems  just  as  it  does  here,  although  it 
does  not  appear  so  because  one  4ir  is  incorporated  in  the  value  of  /a. 
Those  systems  also  possess  an  apparent  superiority  over  the  ampere- 
turn  system  in  eliminating  the  4ir  from  some  of  the  equations  for 
calculating  inductance  and  capacity.  This  apparent  advantage 
is  illusory,  since  the  47  is  in  those  systems  existent  in  the  numerical 
values  of  /a  and  of  K,  and  so  numerical  calculations  would  have  to 
deal  with  it.     In  the  present  system  /a  and  K  preserve  their  ordi- 

nary  values,  and  g  accompanies  ^  in  the  formal  equations. 
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The  removal  of  4X  from  the  first  equation  of  Table  6  is  of  par- 
ticular importance,  as  the  same  change  applies  to  other  forms  of 
the  same  law.  This  is  the  first  law  of  electromagnetism,  and 
gives  the  mathematical  relation  between  electric  current  and  the 
magnetic  field  associated  with  it.  Each  of  the  forms  given  below 
is  used  by  some  writers  as  the  expression  of  the  essential  electro- 
magnetic relation.  The  equations  on  the  left  are  in  the  ordinary 
magnetic  imits  and  those  on  the  right  in  ampere-turn  imits.  In 
the  latter  units  4X  has  been  removed  from  every  equation 
which  contained  it  in  ordinary  units  and  has  been  put  into  certain 
others. 


ID 


Q«- —  (a)»so]id  angle). 


ID 


s:"<^ 


45,      (Integration   is 

10    once  completely 

arotuxl  the  current.) 


curlH 
dH 


U 


H~ 


H 


10 

ID 


—  :3  Sin  (r,  dl) 
10  r* 

^LML,  inside    an  infi- 
10  L        nitely  long  so- 
lenoid. 

2v  NI^  ftf  center  of  a 
10    r   circle  of  radius  r 
with  JV  turns. 


ff  _  _?i. ,  for  an  infinitely 
lOr  long      straight 
conductor. 

'  [IlxB] 


10 


^—lo' 


£J 
N 


&-NI 


4«" 


£Hds-I 


curl  H-^U 


n    10 


d//-  — -isin(r,dO 


H- 


4» 

NI 


H 


2r 


H 


2irr 


10 


^  =  ro' 


N 
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Perhaps  the  most  striking  difference  between  this  and  previous 
systems  of  tmits  is  the  shift  of  47  in  the  equations 

B-^/iH  (i) 

0  =  w  (2) 

These  equations  are  thus  made  more  exactly  analogous  to  the 
electric  equations 


I  ...  ..  : 


^-^  KS.  (3) 

i^DdS^Q  (4) 

It  is  perfectly  legitimate  and  indeed  preferable  to  have  the  47r  in 
the  first  eqtiation  of  each  pair,  B  and  H  being  ph3rsically  different 
qtiantities  (likewise  D  and  &) ;  and  to  have  it  removed  from  the 
second  equation  of  each  pair  since  the  quantities  on  both  sides  of 
the  equation  are  physically  similar.  Thus,  B  and  H  are  not  numer- 
ically equal  in  nonmagnetic  media,  and  there  is  little  tendency  to 
regard  them  as  physically  the  same  qtiantity  and  measurable  in  the 
same  unit.  There  is  not  much  likelihood  that  a  single  name  will  be 
used  to  mean  both  maxwell  per  square  centimeter  and  ampere-turn 
per  centimeter,  as  ''gauss"  has  been  used  for  the  ordinary  units  of 
B  and  if.  The  4^  in  the  relation  between  D  and  &  has  similarly 
assisted  in  preventing  confusion  over  their  physical  nature. 

In  Heaviside  units  the  47r  is  removed  from  all  the  equations 
(i)  to  (4).  This  makes  electric  displacement  in  a  vacutun  numeri- 
cally equal  to  electric  field  intensity.  These  two  quantities  may 
then  be  confused  in  their  physical  meanings,  precisely  as  magnetic 
induction  and  magnetizing  force  have  become  confused  as  a  result 
of  their  numerical  equality  in  ordinary  units.  It  is,  of  cotu-se, 
legitimate  and  is  mathematically  convenient  to  make  two  different 
physical  quantities  have  the  same  ntunerical  value,  but  it  is  often 
misleading  and  troublesome.  It  would  therefore  appear  that  in 
the  ampere-turn  equations  the  47r's  are  more  advantageously  dis- 
tributed than  in  the  Heaviside  system. 

It  is  interesting  to  note  that  in  the  fourth  edition  (191 1)  of  his 
Theorie  der  Elektrizitat,  M.  Abraham  effects  a  slight  rationaliza- 
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tion  of  units  by  defining  a  new  unit  of  dielectric  displacement 
by 

D^K^  (3O 

This  leads  to  f^DdS «  4tQ  (4O 

These  are  S3rmmetrical  with  the  two  magnetic  equations  in  ordi- 
nary units: 

B^PlH  (iO 

0  =  4TW  (2') 

The  units  were  defined  in  this  same  way  by  A.  G.  Webster  in  his 
book,  The  Theory  of  Electricity  and  Magnetism  (1897).  He,  how- 
ever, gave  the  name  "induction"  to  the  quantity  defined  by  K^. 
According  to  the  view  expressed  above,  these  tmits  put  the  /^t  in 
the  least  favorable  place,  both  in  the  electric  and  the  magnetic 
equations.    Abraham  mentions  as  an  advantage  of  these  imits 

that  they  take  the  4X  out  of  the  usual  relation,  curl  H^^tc  -jrt 

making  it 

curli/-^, 

which  is  thus  symmetrical  with 

curl  5--^. 

This  advantage,  however,  may  also  be  credited  to  the  ampere-turn 
units. 

The  characteristics  of  iron  are  very  commonly  shown  by  means 
of  curves  in  which  the  ordinates  are  B  in  gausses,  and  the  abscissas 
are  H  either  in  gilberts  per  centimeter  or  in  ampere-ttuns  per 
centimeter.  A  distinction  must  be  observed  in  interpreting  the 
curves  in  the  two  cases.  When  the  abscissas  are. in  gilberts  per 
centimeter,  the  ratio  of  ordinate  to  abscissa  for  any  point  on  the 
curve  is  equal  to  /i,  the  permeability.  When  ampere-turns  per 
centimeter  are  used,  /a  is  not  equal  to  the  ratio  of  ordinate  to 

abscissa,  but  is  —  times  that  ratio. 

4» 
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The  information  actually  wanted  for  iron  is  sometimes  the  ratio 
of  B  to  Bo  (^6  being  the  induction  in  a  nonmagnetic  substance 
with  the  same  H)  rather  than  the  ratio  of  B  to  H.  This  would 
apply  to  transformer  iron,  for  example.  Consequently,  magnetic 
curves  may  be  plotted  with  both  ordinates  and  abscissas  in  gausses. 
The  ratio  of  ordinate  to  abscissa  for  any  point  equals  the  permea* 
bility,  entirely  independently  of  any  choice  of  H  units.    This 

follows  because  -=-«—»  and  a©  —  i. 

Bo    Mo 

This  discussion  of  the  ampere-turn  units  is  presented  purely  for 
the  information  of  those  interested  in  units.  It  is  not  intended 
to  suggest  that  the  Bureau  will  discard  the  gilbert  in  favor  of  the 
ampere-turn  in  its  own  work.  Both  sets  of  magnetic  units  have 
been  found  useftd,  and  both  will  doubtless  continue  in  use. 

V.  SUMMARY 

The  electric  units  ordinarily  used  are  based  upon  certain  stand- 
ards defined  by  international  congresses.  These  tmits  may  be 
considered  to  form  a  distinct  system.  They  have  been  called 
international  imits  to  distinguish  them  from  the  corresponding 
units  in  the  electromagnetic  system,  of  which  they  are  the  repre- 
sentatives for  the  purposes  of  electrical  measurements.  The 
international  and  the  electromagnetic  tmits  differ  by  exceedingly 
small  amounts,  and  the  small  differences  are  determined  by  abso- 
lute electrical  measurements  made  from  time  to  time.  The  inter- 
national system  takes  the  international  ohm,  the  international 
ampere,  the  centimeter,  and  the  second  as  fundamental  units. 
The  unit  of  magnetic  pole  strength  is  relegated  to  a  subordinate 
position,  corresponding  with  its  imimportance  in  practical  work. 
The  dimensional  expressions  of  electric  and  magnetic  tmits  in  this 
system  have  a  simplicity  and  direct  applicability  lacking  in  other 
systems.  The  system  has,  however,  no  such  simplicity  or  utility 
in  the  domain  of  mechanics  nor  anjrwhere  except  in  electricity  and 
magnetism.  It  in  no  way  tends  to  supplant  the  classical  system 
based  on  length,  mass,  and  time. 

Magnetic  units  have  been  in  a  somewhat  confused  state.  The 
use  of  the  word  "  gauss  "  as  the  name  for  both  the  unit  of  induction 
and  the  tmit  of  magnetizing  force  is  one  difficulty.  The  interna- 
tional system  ftunishes  no  justification  for  this  double  usage. 
The  two  quantities  have  sometimes  been  looked  upon  as  physically 
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the  same.  There  are  reasons,  however,  for  cbnsideruig  them  to 
have  an  essentially  different  nature,  induction  corresponding  to 
the  magnetized  state  of  the  medium,  and  magnetizing  force  being 
the  agency  tending  to  produce  that  state.  The  objections  to  using 
the  same  name  for  units  of  different  physical  quantities  have  been 
presented.  The  double  use  of  ''gauss"  is  an  inconvenience  in 
practice. 

There  have  been  various  proposals  from  time  to  time  to  ra- 
tionalize the  electric  and  magnetic  tmits;  that  is,  to  use  tmits  such 
as  to  redistribute  the  factor  4T  in  the  equations.  In  no  system 
is  this  factor  entirely  eliminated.  The  first  proposal,  that  of 
Heaviside,  had  much  to  recommend  it  and  his  tmits  are  used  in 
some  recent  theoretical  works.  However,  all  the  tmits  are  dif- 
ferent by  some  power  of  4T  from  the  ordinary  tmits,  and  their 
general  adoption  now  seems  out  of  the  question.  Proposals 
since  Heaviside's  for  the  rationalization  of  the  tmits  have  in- 
volved less  change  of  existing  units  but  have  all  had  the  dis- 
advantage of  incorporating  47  in  the  values  of  the  permeability 
and  dielectric  constant  of  empty  space. 

A  very  satisfactory  rationalization  is  effected  by  the  use  of 
the  ampere-turn  as  the  tmit  of  magnetomotive  force,  without 
recourse  to  any  new  units.  There  are  two  sets  of  magnetic  tinits 
in  use,  based  upon  the  international  electric  units.  In  one  set 
the  tmits  correspond  in  magnitude  to  the  ordinary  cgs  electro- 
magnetic tmits.  In  the  other,  the  ampere-ttun  and  derived  units 
are  used.  The  eqtiations  required  to  make  the  ampere-turn  fit 
in  with  the  tmits  of  other  magnetic  qtiantities  have  been  given 
herein.  For  want  of  a  better  name,  the  tmits  of  this  set  are  called 
ampere-turn  tmits.  It  has  been  pointed  out  that  the  ampere- 
turn  tmits  are  rationaUzed  more  nearly  like  the  Heaviside  tmits 
than  any  of  the  systems  which  have  been  proposed,  in  that  /Iq 
retains  its  value  tmity.  From  one  standpoint  the  4t*s  are  even 
better  distributed  than  in  the  Heaviside  system.  It  is  of  inter- 
est to  find  that  tmits  actually  in  use  constitute  a  system  which 
is  not  at  all  inferior  to  thfe  various  proposed  systems.  This  pres- 
entation of  the  ampere-turn  tinits  has  been  given  as  a  contribu- 
tion to  the  discussion  of  magnetic  tmits,  and  in  no  sense  as  a 
proposal  to  discontinue  the  use  of  the  gilbert  and  other  more 
common  units. 
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In  conclusion,  this  study  has  shown  that  the  international 
system,  based  upon  and  representing  the  electromagnetic  sys- 
tem, is  a  convenient  and  satisfactory  system  of  units  for  the 
purposes  of  electric  and  magnetic  measurements.  Proposed 
changes  in  some  or  all  of  the  units  do  not  appear  to  offer  advan- 
tages such  as  to  justify  the  confusion  and  inconvenience  of  chang- 
ing the  units  as  ordinarily  used. 

Washington,  May  22,  1916. 
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SYMBOLS  USED 

B  »  magnetic  induction. 

Q  -  quantity  of  electricity. 

C-"  electrostatic  capacity. 

^=  resistance. 

c  «  velocity  of  light. 

R= reluctance. 

D  »  electric  displacement. 

r»distance  from  a  point. 

E  «  electromotive  force. 

S  =  area. 

&  «  electric  field  intensity. 

J  » length  along  a  path. 

F«force. 

r=/-time. 

5  «  magnetomotive  force. 

U  =  current  density. 

H  «  magnetizing  force. 

V  =  electric  potential. 

/= current. 

W = energy. 

.  7  « intensity  of  magnetization. 

Z  » impedance. 

K = dielectric  constant. 

7 — conductivity. 

Ko  =  dielectric  constant  of  space. 

h  «  mass  resistivity. 

L=/  =  length. 

K = magnetic  susceptibihty . 

L  «  L = self -inductance. 

11 = permeability. 

M«mass. 

Mo  »  permeability  of  space. 

Ill/ «  Af = mutual  inductance. 

p  «  volume  resistivity. 

m  »  magnetic  pole  strength. 

(T »  strength  of  amagnetic  shell. 

JV ^number  of  turns. 

^»  magnetic  flux. 

P  ■»  power. 

Q  »  magnetic  potential. 
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I.  INTRODUCTION 
1.  PRELIMINARY 

The  polarimetric  constants  of  the  sugar  group  are  in  but  few 
instances  known  with  certainty.  Recently  the  Bureau  of  Stand- 
ards has  undertaken  to  ascertain  these  values  with  the  requisite 
precision  and  has  published  certain  important  data  upon  sucrose. 
The  substance  studied  in  the  present  paper,  namely,  dextrose,  is 
important  because  of  its  wide  distribution  in  nature  and  its  com- 
mercial utility. 

The  purpose  in  view  in  studying  dextrose  was  threefold.  First. 
The  purified  substance  was  added  to  the  list  of  standard  samples  ^ 
of  this  Bureau  as  a  standard  reducing  sugar,  in  order  to  assist  in 
standardizmg  reducing  sugar  analysis.  It  was  therefore  necessary 
that  the  purification  and  the  properties  of  the  substance  should 

1  BuKMi  of  standards  Circular  No.  35. 
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receive  as  thorough  a  study  as  is  the  case  with  the  other  standard 
samples.  Second.  The  normal  weight  required  to  be  determined  in 
order  that  the  quartz-wedge  saccharimeter  might  become  available 
in  analyzing  the  substance.  Third.  Its  rotation  of  monochromatic 
light  required  further  study.  Bates  *  has  shown  that  the  yellow- 
green  line  of  the  mercury  spectrum  (X-=546iA)  possesses  many 
advantages  over  the  D  lines  of  sodium  light,  and  consequently  this 
Bureau  has  advocated  expressing  rotation  in  terms  of  this  wave 
length. 

2.  HISTORICAL 

Previous  to  1876  a  number  of  determinations  were  made  of  the 
specific  rotation  of  dextrose  before  it  was  realized  that  the  values 
obtained  were  functions  of  the  concentration  of  the  solution.  In 
1876  Tollens*  systematically  studied  the  rotation  and  discovered 
the  considerable  variation  with  concentration.  From  his  data  he 
prepared  an  interpolation  formula  in  terms  of  dextrose  hydrate. 

In  1884  he  ^  extended  his  measurements  over  the  entire  range 
of  concentrations  and  recalculated  his  previous  formula  in  terms 
of  anhydrous  dextrose.     He  expressed  his  first  measurements  by 

a   =52.71795 -l-o.oi8796/>-l-o.ooo5i683/>*,  where  p 

is  per  cent  of  anhydrous  dextrose.  The  second  series  of  meas- 
urements revealed  apparently  an  error  of  about  a  quarter  of  a 
degree  in  the  formula,  and  this  amount  was  consequently  deducted 
from  the  constant  term.  The  resulting  figiu'e  was  then  rounded 
off  to  52.50,  leaving  the  interpolation  formula 

["laco 
a   « 52.50 +0.018796/? -l-o.ooo5i683/>'. 

Since  this  measurement  no  systematic  study  has  been  made  of  the 
rotation  of  dextrose. 

The  very  divergent  values  which  have  been  suggested  for  the 
normal  weight  are  summed  up  by  Browne.'  The  entire  range, 
including  Browne's  own  computation,  extends  from  32.25  g  to 
32.82  g,  the  extreme  variation  being  about  2  per  cent.  The  sug- 
gested value  of  the  normal  weight  has  in  each  instance  been 
obtained  by  computation. 

Landolt'  calculated  from  Tollens'  specific  rotation  data  the 
formula  />=»  0.948a— 0.0032a*,  where  p  is  per  cent  dextrose  and 
a  the  rotation  of  the  D  lines  for  a  200-mm  tube.     He  then  found 


*  This  Bulletin,  2,  p.  239;  1906. 
*ToUcns,  Bericfata^  9,  p.  1531;  1876. 
<  Beridite,  17.  p.  2234;  1884. 


*  J.  Ind.  Ens.  Chem.,  2,  p.  526;  19x0. 

*  Optiflche  Drehuncsvcnndgen,  p.  447;  >898. 
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by  direct  determination  that  the  relation  between  the  rotation  on 
the  saccharimeter  with  white  light  and  the  monochromatic  rota- 
tion was  expressed  by  the  formula  i^F— 0.3448 ±0.0008  circular 
degrees  (sodium  light) .  He  then  substituted  the  value  34.48  for  a 
in  his  formula  and  obtained  28.88  per  cent  as  the  concentration 
of  the  solution  which  would  rotate  ioo°V  on  the  saccharimeter. 
If  28.88  is  substituted  for  p  in  ToUens'  formula,  we  find  53^473 
for  the  specific  rotation  of  the  normal  solution.  Such  a  solution 
contains  32.65  g  dextrose,  which  is  thus  the  normal  weight  sug- 
gested. Inasmuch  as  the  specific  rotation  varies  with  concentra. 
tion,  he  proposed  a  different  normal  weight  for  each  concentration, 
a  preliminary  assay  being  necessary  to  determine  the  approximate 
concentration. 

Sidersky  ^  assvuned  for  dextrose  the  same  rotary  dispersion  as 
for  sucrose  (although  Landolt's  previous  statement  was  to  the 
contrary) .  He  selected  52?8o  as  the  specific  rotation  of  the  normal 
solution  and  calculated  the  normal  weight  from  the  inverse  ratio 
of  the  specific  rotations  and  the  normal  weight  of  sucrose  (26.00  g). 
He  found  for  the  normal  weight  32.82  g. 

From  Tollens'  equation  52?8o  proves  to  be  the  specific  rotation 
of  a  12.14  per  cent  solution  of  dextrose  which  is  very  far  from 
the  concentration  of  the  normal  solution  on  the  basis  of  the 
Herzfeld-Schonrock  calibration. 

Tucker,®  making  similar  assumptions  but  taking  the  value  53 
for  the  specific  rotation  of  dextrose,  found  32.68  g  for  the  normal 
weight. 

Browne  •  performed  the  calculation  more  carefully.  He 
recalculated    ToUens'    formula    to    the    more   convenient  form 

a   =52.50+0.0277  c +0.00022  c*  and  by  successive  approxima- 

tions  found  the  exact  specific  rotation  of  the  normal  solution. 
The  normal  weight  was  then  calculated  at  first  from  the  inverse 
ratio  of  specific  rotations  of  sucrose  and  dextrose.  To  correct 
for  the  difference  in  rotation  dispersion  between  sucrose  and 
dextrose,  he  used  Landolt's  equation;  i°F=o?3448  circular 
degrees  (sodium  light)  and  found  for  the  normal  weight  32.248 
g  in  100  true  cubic  centimeters.  He  advised  using  at  all  concen- 
trations this  uniform  normal  weight.  When  the  concentration 
deviates  from  the  normal,  the  correction  due  to  the  change  of 
specific  rotation  is  obtained  from  a  table  which  he  prepared. 

'  Polarisation  et  Saccharimetrie,  p.  xoo;  1908.  *  J.  Ind.  Eng.  Chem.,  2,  p.  536;  1910. 

*  Manual  of  Sugar  Analysis,  p.  292;  Z905. 
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Browne's  calcttlation  is  rigorously  correct  as  far  as  the  available 
data  permit.  It  is,  however,  based  upon  experimental  values 
which  in  themselves  are  far  from  certain.  Considering  the  devia- 
tion between  ToUens'  first  and  second  series  of  experiments  and 
the  advances  made  in  polariscopic  apparatus  in  the  last  30  years, 
it  seems  probable  that  new  data  would  yield  more  reliable  values. 

Landolt's  data*®  on  the  relation  between  i°V  and  circular 
degrees  of  sodium  Ught  is  also  open  to  question.  This  value  to 
which  Landolt  ascribes  an  imcertainty  of  ±.0008  was  obtained 
in  1866  upon  a  saccharimeter  illuminated  with  white  Ught.  Since 
no  mention  is  made  of  the  use  of  a  bichromate  solution  filter,  it  is 
probable  that  it  was  not  used,  especially  since  the  latter  did  not 
come  into  general  use  until  nearly  40  years  later.  The  presence 
of  the  light  filter  would  cause  a  considerable  variation  in  this 
value. 

Recently  Bates  and  Jackson  **  have  made  a  study  of  the  rota- 
tion of  the  normal  sucrose  solution  which  is  the  fundamental 
standard  for  the  hundred-degree  point  of  the  saccharimeter. 
They  found  that  the  existing  standard — namely,  that  established 
by  Herzfeld  and  Schdnrock — ^was  about  o.i  per  cent  too  high. 
Bates  and  Jackson  by  a  series  of  careful  determinations  found 
that  the  conversion  factor  for  X  — 5892.5  A  was  34?62o  and  for 
X  «  5461 .  A  40?690. 

n.  PREPARATION  OF  PURE  DEXTROSE  AND  OF  DEXTROSE 

SOLUTIONS 

1.  PURIFICATIOIT  OF  DBXTROSB 

The  material  used  for  the  preparation  of  pure  dextrose  was 
obtained  from  three  sources;  crude  commercial  glucose,  Merck's 
"  Highest  Purity  "  dextrose,  and  an  invert  sugar  solution. 

The  purest  form  of  commercial  glucose  which  could  be  obtained 
was  a  brownish-colored  granular  substance  which  was  sold  under 
the  trade  name  of  *'Cerelose."  The  crude  sugar  contained  87.2 
per  cent  dextrose,  3.9  per  cent  of  nonfermentable  sugar,  0.55  per 
cent  ash,  and  a  quantity  of  dextrins. 

A  large  quantity  of  the  glucose  was  shaken  in  a  shaking  machine 
with  aqueous  alcohol  in  order  to  wash  the  crystals.  It  was  then 
poured  into  a  centrifugal  machine,  drained  and  again  washed. 
This  preliminary  treatment  removed  a  portion  of  the  impurities 
adhering  to  the  surfaces  of  the  crystals  and  assisted  the  later 

■ — " — —  -  II  - 

"  Zs.  anal.  Chem.,  5,  p.  4x2;  1866.  u  This  Bulletin,  18,  p.  67;  Z916. 


i 


jaOtim]  Optical  Rotation  of  Dextrose  637 

operations.  The  washed  substance  was  then  dissolved  by  slight 
warming  in  40  per  cent  of  its  weight  of  water  and  140  cubic  centi*. 
meters  of  alcohol  added  for  each  100  g  of  the  substance.  The 
whole  mixture  was  warmed  on  a  steam  bath  for  a  short  time  and 
was  then  filtered  to  remove  the  precipitated  dextrins.  The  filtrate 
after  cooling  was  poured  into  a  shaking  machine,  seeded  with  a 
few  crystals  of  dextrose,  and  agitated  continuously  until  crystalUza- 
tion  was  complete.  This  usually  required  about  48  hours.  The 
crystal  mass  was  poured  on  the  centrifugal  machine,  drained,  and 
thoroughly  washed  with  alcohol.  The  crystals  from  this  first 
operation  were  fine,  well-formed,  and  perfectly  white.  Upon  re- 
solution for  a  second  crystallization  there  was  in  general  but  a 
slight  trace  of  the  original  discoloration. 

The  second  crystallization  was  from  aqueous  solution.  The 
crystals  were  dissolved  by  warming  in  distilled  water  to  form  a 
solution  of  about  60*^  Brix.  The  solution  was  filtered,  cooled, 
and  shaken  in  the  crystallizer  tmtil  crystallization  was  complete. 
Crystallization  from  water  is  particularly  favorable  to  the  forma- 
tion of  pure  crystals.  They  are  in  every  instance  small  and  their 
rate  of  formation,  whidi  depends  partly  upon  the  speed  of  the 
reaction  j3  glucose  — ^  a. glucose  in  the  solution,  is  slow.  The 
crystals  accordingly  are  perfect  and  free  from  inclusions. 

In  the  absence  of  special  tests  for  possible  imptuities  the  cri- 
terion of  ptuity  which  was  taken  was  constancy  of  composition 
after  treatment  with  varied  procedure.  Jt  was  found  that  direct 
recrystallization  from  water  solution  soon  produced  a  sample  which 
repeated  recrystallizations  did  not  alter  even  after  four  or  five 
operations. 

Attention  was  tlien  turned  to  the  mother  liquors.  These  were 
boiled  in  vacuo  in  the  boiling  apparatus  described  previously  " 
until  sufficiently  supersaturated  to  crystallize  or  were  tmited  with 
crystals  of  about  the  same  pmity  and  the  whole  mixture,  dissolved, 
concentrated,  and  aystallized.  This  process  was  carried  out  sys- 
tematically in  the  manner  usually  followed  in  fractional  crystal- 
lizations.^* To  identify  tlie  samples  the  numerical  order  of  the 
fractions  is  shown  In  Fig.  i .        . 

Merck's  "Highest  Purity"  dextrose  was  white  in  color  and  was 
already  fairly  pure.  It  was  recrystallized  from  aqueous  solution 
three  times,  the  mother  liquor  being  rejected  after  each  recrys- 
tallization.    The  final  product  was  designated  sample  M. 

>*  This  BuUetin.  IS.  p.  75;  19x6.  »  This  BuHedn,  IS,  p.  gj;  19x6. 
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For  the  preparation  of  the  two  invert  sugar  solutions  from 
which  other  quantities  of  dextrose  were  prepared  the  purest  cane 
sugar  of  commerce  was  utilized.  One  solution  was  inverted  by 
invertase  prepared  as  recommended  by  Hudson.^^  The  other  was 
inverted  by  adding  a  small  quantity  of  hydrochloric  add  and  allow- 
ing it  to  remain  at  room  temperature  for  somewhat  more  than  the 
calculated  length  of  time  sufficient  to  produce  99.9  per  cent  inver- 
sion, after  which  it  was  neutralized  with  sodium  hydroxide.  Both 
solutions  were  then  boiled  in  vacuo  until  concentrated  to  a  thick 
sirup.  They  were  then  mixed  with  a  large  volume  of  alcohol  in 
the  shaking  machine  and  the  dextrose  allowed  to  crystallize.  At 
the  end  of  two  or  three  weeks  the  crystals  were  separated  in  the 


Pio.  I. — Diagrammatic  represenkUion  of  fractional  crystalUwaiion 

centrifugal  machine,  washed,  and  three  or  four  times  recrystal- 
lized.  The  crystals  from  the  add  inversion  were  designated  sample 
H ;  those  from  the  invertase  inversion  sample  I.  Some  small  pure 
residues  containing  portions  of  both  H  and  I  were  combined  and 
recrystallized  to  form  sample  J.  A  considerable  quantity  of  ptue 
resicfues  from  various  sources  were  combined  and  twice  recrystal- 
lized to  form  sample  A.  A  portion  of  this  was  recrystallized,  the 
mother  liquor  selected  and  twice  cr3rstallized  to  form  sample  C. 

A  portion  of  sample  C  was  dissolved  in  a  small  quantity  of  pure 
water  and  poured  into  a  large  quantity  of  nearly  absolute  alcohol. 
The  crystals  were  almost  anhydrous  and  were  designated  sample  E. 
The  accessory  materials  such  as  water  and  alcohol  used  in  these 
preparations  were  purified  in  the  usual  manner. 

^4  J.  Ind.  Bnc  Chen.,  2,  p.  143;  x9xo. 
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The  probable  impurities  if  such  persisted  at  the  oompletion  of 
the  purification  of  the  sugar  were  of  very  different  nature  in  the 
two  sets  of  samples  from  glucose  and  from  invert  sugar.  The 
dextrins  which  conceivably  could  contaminate  the  sample  pre- 
pared from  commercial  glucose  have  a  specific  rotation  of  about 
+ 198.  The  levulose  which  is  the  <mly  probable  impurity  in  the 
sample  prepared  from  invert  sugar  has  a  specific  rotation  of  about 
—90.  The  fact  that  the  materials  from  the  two  sources  had  the 
same  rotary  power  is  strong  evidence  of  the  purity  of  both. 

2.  BUMraATION  OF  MOISTURB 

From  aqueous  solution  dextrose  separates  with  one  molecule 
of  crystal  water.  It  loses  this  water  at  60^  C,  leaving  the  oystals 
in  a  thoroughly  disintegrated  condition.  If  it  is  stirred  frequently 
the  tendency  to  dnter  together  is  prevented.  Because  of  this 
complete  disintegration  the  danger  of  inclusion  of  moisture  within 
the  crystals  seems  practically  nil.  The  drying  problem  then  re- 
solves itself  into  the  removal  of  surface  moisture. 

The  first  consideration  was  the  stability  of  dextrose  at  high 
temperatures.  Unfortunately  in  distinction  to  sucrose  ^  no 
method  of  detecting  minute  quantities  of  caramel  exists.  The 
most  easily  recognized  property  of  caramel,  namely,  its  power  to 
reduce  alkaline  copper  solutions,  is  entirely  masked  by  the  great 
reducing  power  of  the  dextrose  itself.  However,  by  leaving  equal 
weights  of  sucrose  and  dextrose  in  an  oven  at  lOo^  C  overnight, 
it  became  apparent  by  the  color  change  that  dextrose  was  more 
resistant  to  a  high  temperature  than  sucrose.  We  therefore  avoid 
decomposition  of  dextrose  if  we  heat  at  any  given  temperature  for 
no  greater  length  of  time  than  would  cause  a  negligible  caramel- 
ization  of  sucrose. 

The  sample  from  which  the  crystal  water  had  been  removed  was 
heated  electrically  to  60^  in  a  weighing  bottle  placed  in  a  long 
glass  tube  together  with  a  quantity  of  ignited  quicklime.  The 
tube  was  then  exhausted  by  a  Geryk  pump  to  about  o.oi  mm, 
heating  and  pumping  being  continued  for  three  or  four  hours. 
The  bottle  remained  in  the  vacuum  for  two  days.  It  was  then 
removed  and  weighed.  The  loss  in  weight  was  about  0.02  per 
cent.  Upon  repeating  the  process  the  first  dry  weight  was  found 
to  be  constant.  In  fact,  this  was  the  general  experience  in  weigh- 
ing the  samples  for  the  50  or  more  determinations  of  the  rotation. 

u  This  Bnllctm.  It,  p.  84;  19x6. 
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In  order  to  ascertain  whether  this  constant  weight  represented 
the  perfectly  dry  substance,  three  experiments  were  tried  at  higher 
temperatures.  In  each  case  the  sample  was  previously  dried  to 
constant  weight  in  the  vacuum  at  60®  C.  One  sample  was  then 
heated  tmder  the  sa(!me  conditions  to  80°  C,  the  other  two  to  100° 
and  125®,  respectively.  In  no  case  was  a  further  loss  of  weight 
discovered.  If  any  considerable  surface  moisture  were  present,  it 
would  probably  have  shown  some  tendency  to  escape  within  a 
temperature  interval  of  65^. 

The  procedure  for  drying  the  substance  m  preparation  for  polari- 
zation then  was  merely  to  heat  at  60**  to  70^^  C  in  a  vacuum  of 
o.oi  mm  for  three  or  four  hours  or  imtil  the  weight  became  constant. 

3.  PREPARATION  OF  SOLUTIONS  FOR  POLARIZATION 

In  order  to  prepare  a  solution  for  polarization  the  approximate 
required  quantity  of  dextrose  which  had  been  freed  of  its  crystal 
water  was  transferred  to  a  weighed  volumetric  flask  and  the  flask 
and  substance  again  weighed.  The  final  drying  was  performed  in 
a  long  glass  tube  of  8  cm  diameter,  one  end  of  which  was  drawn 
down  and  coimected  with  the  vacuum  pump.  The  other  end  was 
equipped  with  a  ground  glass  joint  which  was  large  enough  to 
permit  inserting  the  volumetric  flask.  The  portion  of  the  tube 
containing  the  sample  could  be  heated  electrically  to  the  tem- 
perature desired.  The  drying  was  repeated  in  every  case  until 
a  constant  weight  was  obtained. 

Enough  distilled  water  was  then  added  to  dissolve  the  dextrose 
and  the  solution  was  freed  from  most  of  the  dissolved  air  by  boiling 
at  low  temperature  in  a  vacuum.  The  solution  was  then  adjusted 
accurately  to  the  graduated  volume  of  the  flask  after  immersion  in 
the  water  of  a  thermostat  at  2o?oo  C  for  a  sufficient  length  of  time. 
It  was  then  dried  by  a  slightly  damp  cloth  and  weighed  after 
remaining  in  the  balance  case  for  a  half  hour. 

The  volumetric  flasks  were  those  used  by  Bates  and  Jackson 
and  were  described  in  the  paper  referred  to.  For  the  present 
work  the  calibration  was  performed  repeatedly  and  the  volumes 
found  to  be  essentially  identical  with  those  fotmd  previously. 

As  is  well  known  the  freshly  dissolved,  dextrose  exhibits  the 
phenomenon  of  mutarotation.  The  velocity  of  this  reaction  fol- 
lows the  usual  law  of  the  monomolecular  reaction,  its  constant 
being  fairly  well  established.    Taking  Levy's  value  *•  of  the  con- 

I  R    — i? 

stant  at  20.7  C,  namely,  t-  log^o  w^ — j^ =0.00662,  we  find  that  the 

X  XV  00  — JtCt 

^*  Zs.  physik.  Chem.,  17,  p.  joz;  1895. 
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reaction  is  99.99  per  cent  complete  in  about  10  hours.  The  proce- 
dure followed  was  to  allow  the  solution  to  stand  overnight  at  room 
temperature.  The  flask  was  tightly  stoppered  and  evaporation 
avoided. 

4.  THE  DENSITY  OF  DEXTROSE  SOLUTIONS 

The  data  obtained  on  the  concentration  of  the  solutions  were 
sufl5cient  for  the  calculation  of  the  density  of  dextrose  solutions  at 
2o?o  C.  The  determinations  at  each  of  the  four  concentrations 
were  corrected  to  a  uniform  per  cent  dextrose.  Each  of  these 
groups  of  determinations  were  then  averaged  and  a  series  of  five 
values  obtained  (see  column  2  of  Table  i),  which  were  sufficient 
for  a  per  cent — density  equation.    The  formula  was  foimd  to  be: 


D 


20' 


0.99840+0.003788  />+O.OOOOI4I2  p' 


where  p  is  per  cent  dextrose  by  weight  in  vacuo.  The  density  as 
computed  by  this  formula  may  be  considered  valid  to  three  or  four 
units  in  the  fifth  decimal  place  for  values  of  p  between  5  and  30. 
In  column  3  of  Table  i  are  given  the  densities  as  calculated  by  the 
formula.  Their  agreement  with  the  experimental  data  is  shown 
by  the  residuals  in  colunm  4.  In  Table  2  the  densities  are  given 
at  I  per  cent  intervals  between  4  and  30  per  cent. 

The  only  previous  determination  at  20?o  C  is  a  series,  made  by 
ToUens  *^  incidentally  to  his  measurements  of  the  rotation.  For 
the  sake  of  comparison  we  may  cite  his  values  at  7.60,  10.14,  and 
17.60  per  cent,  for  which  he  found  densities  1.0282,  1.0383,  and 
1.0694,  respectively.  The  corresponding  densities  found  in  the 
present  investigation  are  i. 02801,  1.03826,  and  1.06945. 

TABLE  1 
Data  on  Density  of  Dextrose  Solutions  and  Comparison  with  Interpolation  Fonnnla 


tntkni  by 

weiKbt 

fnvactto 

Density  20*/4* 
obMived 

I>eniitty20*/4* 
calcolAted 

Resldntls, 
coL  3— coL  2 

1 

2 

3 

4 

Percent 
6.5 
12.5 
18.5 
23.5 
28.9 

1.02361 
1.04799 
1.07329 
1.09524 
1.11963 

1.02362 
1.04796 
1.07331 
1.09522 
1.11966 

+a  00001 

-  .00003 
+  .00002 

-  .00002 
+  .00003 

17  Landolt  and  Bflmstein,  Tabellen,  p.  79;  19x3. 
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TABLB  2 
Doisity  of  Dezlxoae  Solotbma  Calculated  hj  Focanla: 

D  ^''-0.99840+0.003788  p+0.00001412  f 


Conoen- 

UwHIlDf 

weight 
ia?aaio 

Denrily^ 

Cencen- 

tnttonby 

weight 

Inveoie 

20* 

Denrity^ 

Caacen- 

tratianby 

weight 

faiveaie 

Density  ^*' 

Percent 

Percent 

Percent 

1.01378 

13 

1.05003 

22 

1.08857 

1.01709 

14 

1.05420 

23 

1.08299 

1.02164 

15 

1.05840 

24 

1.09744 

1.02561 

16 

1.06262 

25 

1.10192 

" 

1.02961 

17 

1.06688 

26 

1.10643 

1.03364 

18 

1.07U6 

27 

1.11097 

1.03769 

19 

1.07547 

28 

1.USS3 

1.04178 

20 

1.07981 

29 

1.12013 

1.04589 

21 

1.08417 

30 

1.12475 

m.  APPARATUS  AND  TEMPERATURE  CONTROL 

1.  PHYSICAL  APPARATUS 

The  polariscopic  apparatus  which  was  used  for  the  observations 
was  fully  described  in  the  paper  by  Bates  and  Jackson.^'  The 
discussion  on  pages  97  to  108  is  directly  applicable  tathe  present 
paper.  The  method  of  taking  observations  was  also  similar  to 
that  in  the  earlier  work. 

2.  TEMPERATURE  CORRECTIONS 

• 

The  temperature  corrections  for  the  optical  apparatus  were 
described  by  Bates  and  Jackson  ^*  and  are  directly  applicable  to 
the  present  measurements.  The  temperature  coefficient  of  the 
dextrose  solutions,  however,  required  especial  attention.  The  tem- 
perature coefficient  of  the  specific  rotation  of  dextrose  solutions 
has  been  previously  studied  over  a  wide  range  of  temperatures 
and  has  been  fotmd  to  be  zero.  Since  in  the  present  work  the 
variations  of  temperature  were  very  small,  it  is  permissible  to  accept 
this  result  without  question.  The  actual  change  of  rotation  with 
change  of  temperature,  then,  would  be  due  entirely  to  the  change 
in  volume  of  the  solution.  The  expansion  of  the  normal  solution 
was  measured  in  the  vicinity  of  20®  C  and  found  to  be  0.00029. 
This  figure  was  then  also  the  temperature  correction  factor  for 
the  rotation. 


u  This  Bulletin,  IS,  p.  97;  19x6. 
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In  addition  to  this  the  actual  temperature  coefficient  of  rotation 
was  measured  for  a  number  of  solutions.  The  data  obtained  were 
the  very  small  differences  between  large  numbers  and  consequently 
a  great  many  were  required  to  offset  the  errors  of  observation. 
The  mean  of  37  such  determinations  gave  for  the  coefficient 
0.00028.  The  mean  value  0.000285  was  used  in  the  computations 
at  the  normal  concentrations.  For  the  lower  rotations  the  expan^ 
sion  coefficient  was  taken  to  be  proportional  to  the  concentration 
of  dextrose  between  pure  water  which  has  a  coefficient  of  0.00021 
and  the  normal  dextrose  solution  0.000285.  The  expansion  coeffi- 
cient is  probably  not  strictly  linear  with  concentration  but  for 
the  present  piuTpose  where  the  entire  correction  is  small  the  devia- 
tions from  the  linear  relation  are  negligible.  The  correction  to  be 
applied  is  then  proportional  to  the  rotation  and  to  the  expansion 
coefficient. 

3.  QUARTZ  CONTROL  PLATES 

There  was  available  for  the  present  investigation  a  set  of  seven 
quartz  plates,  all  of  excellent  quality,  optically  homogeneous,  and 
nearly  plane  parallel,  which  constitute  part  of  a  series  of  primary 
standards  of  this  Bureau.  Their  properties,  including  their  rota- 
tions in  terms  of  wave  lengths  5892.5  A  and  5461  A^  have  been 
be^i  studied  at  this  Bureau  and  at  the  PhysikaHsch-Technische 
Reichsanstalt.  The  results  of  the  thorough  study  which  these 
plates  have  received  will  be  stated  in  a  future  publication  of  this 
Bureau.  Their  sugar  values  were  found  by  dividing  their  mono- 
chromatic rotations  by  the  appropriate  conversion  factors.  For 
the  present  work  the  factors  determined  by  Bates  and  Jackson, 
namely,  34?62o  for  X  =  5892.5  A  and  4o?69o  for  X  =  546i  A, 
have  been  used.  Until  the  final  value  of  the  conversion  factor  is 
generally  agreed  upon  it  is  considered  of  more  importance  that  the 
proposed  normal  weight  of  dextrose  shall  correspond  exactly  with 
26.000  g  of  sucrose  than  with  the  Herzfeld-Schonrock  scale,  which 
is  now  known  to  be  slightly  in  error. 

A  further  assumption  made  in  regard  to  the  saccharimetric  scale 
is  that  the  scale  readings  are  rigorously  proportional  to  the  rotation 
of  quartz.  For  example,  if  a  quartz  plate  rotates  i7?3io  for 
X  =  5892.5  A,  its  sugar  value  is  exactly  5o?oo.  The  same  con- 
version factor  is  thus  applicable  to  all  parts  of  the  saccharimeter 
scale.  This  is  equivalent  to  the  statement  that  the  saccharimeter 
scale  is  proportional  to  the  thickness  of  the  compensating  quartz. 
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IV.  MEASUREMENTS 

1.  DETBRMniATION  OF  THE  NORMAL  WEIGHT  OF  DEXTROSE 

Twelve  independent  measurements  were  made  to  determine  the 
weight  of  dextrose  which  dissolved  in  100  true  cubic  centimeters 
causes  a  rotation  of  100^  S  on  the  sugar  scale  as  determined  by 
Bates  and  Jackson.  The  data  acquired  during  the  meastu'ements 
are  recorded  in  Table  3.  The  values  of  the  normal  weight  obtained 
are  given  in  coltunn  7  and  were  calculated  in  the  following  way: 
The  concentration  of  sugar  in  each  experiment  was  found  by 
dividing  the  weight  of  substance  (column  3)  by  the  volume  of 
solution  (column  5) .  The  concentration  was  then  divided  by  the 
rotation  of  the  solution  to  give  a  value  of  the  normal  weight  which 
would  be  the  true  value,  provided  the  specific  rotation  were  pre- 
cisely constant  over  the  small  range  of  concentrations  measured. 
This  is  not  exactly  true,  so  that  a  small  correction  was  applied 
to  bring  the  normal  weight  to  the  value  which  would  have  been 
obtained  if  the  solution  observed  were  at  the  normal  concentra- 
tion. The  specific  rotation,  as  will  be  shown  later,  is  changing  at 
this  concentration  0.021  per  cent  for  each  sugar  degree  change  in 
concentration.  The  calculated  value  of  the  normal  weight  is  then 
0.021  percent, or  6.9  mg  too  low  for  each  sugar  degree  above  100° 
S  which  the  observed  solution  reads.  This  correction  has  been 
applied  and  the  corrected  value  recorded  in  colunm  7.  As  appears 
from  the  table,  the  true  normal  weight  of  dextrose,  or  that  weight 
of  dextrose  which  produces  on  the  saccharimeter  the  same  rotation 
as  26.000  g  of  sucrose,  is  32.231  g  weighed  in  air  with  brass 
weights.*® 

The  value  32.231  is  dependent  on  the  assumption  that  the 
hundred-degree  point  of  the  saccharimeter  is  defined  according  to 
the  conversion  factor  34?62o  for  X=  5892.5  A  and  40? 690  for 
X  »  5461  A.  If  some  other  standard  is  used  the  normal  weight  is 
determined  by  the  following  relation: 

XT         1      -1.-1.    conversion  factor ,,  ^       «         an 

Normal  weight- ^ X  32.231  (X= 5892.5  A) 


or 


-       .  -  ^    conversion  factor  ,^  ^         ^     a  \ 

normal  weight— ^ X  32.231  (X=546i  A). 


*  To  spedfr  more  rigorousty,  this  is  tlie  wdgfat  in  air  of  density  0.001191  tlie  ncsn  value  dininc  tlie 
{present  experiments. 
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This  formula  is  sfxictly  applicable  for  small  differences  in  the  con- 
version factor.  Here,  again,  if  the  change  hi  weight  is  enough  to 
cause  a  measurable  change  in  the  specific  rotation,  a  correction  of 
6.9  mg  must  be  applied  for  each  degree  sugar  or  each  o?346  or 
o?407,  by  which  the  factor  chosen  exceeds  34?620,  or  40?690  for 
the  respective  wave  lengths.  Thus,  if  the  saccharimeter  is  stand- 
ardized, as  at  present,  by  the  Herzfeld-Schonrock  factor  34?657, 
the  normal  weight  of  dextrose  becomes  32.264  g.  In  order  to 
avoid  confusion  it  must  be  noted  that  the  Herzfeld-Schdnrock 
factor  is  the  one  in  general  use  at  the  date  of  this  publication. 
If  the  saccharimeter  is  controlled  by  quartz  plates  certified  by 
this  Bureau  or  by  the  Physikalish-Technische  Reichsanstalt,  the 
Herzfeld-Schdnrock  data  have  been  used  and  until  further  notice 
will  continue  to  be  used  in  determining  the  sugar  value.  Conse- 
quently, the  weight  32.264  must  be  taken  to  rotate  100^  S*  But 
if  the  saccharimeter  has  been  standardized  by  careful  observa- 
tions of  26.000  g  of  pure  sucrose  in  100  cc,  or  if,  as  is  to  be  hoped, 
the  conversion  factor  is  modified  to  34?  620  and  40?  690,  the  normal 
weight  of  dextrose  becomes  32.231. 

TABLB  3 
Data  on  the  Concentxation  and  Rotation  of  the  Nonnal  Solution 


B^t.  No. 

Dettgnatloa  ol 
■ample 

Weight 

destnie 
(•ir. 
bfiM 

welghti) 

■ohitlui 
(air, 
teaM 

weights) 

Volume 
of 

Average 
olMerved 
folatioii 
flortwo 
aaocha- 
rlmetoia 

• 

ITonnal 
weight 

RotaUoB 
oboerved 
N-5461A 

Rotatloii 

ol  nonnal 

solution 

X-5461A 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

FiMtionS 

.....do 

S 
32.5255 
32.3283 
31.8702 
32.4030 
32.4778 
41.7989 
41.9946 
42.9000 
32.1525 
30.4514 
30.1672 
32.2959 
32.2670 

S 
112.096 
112.039 

cc 

100.166 

100.183 

100.185 

100.005 

100. 181 

130.063 

130.032 

129.997 

99.993 

94.121 

94.121 

100. 181 

100.187 

100.753 
100.114 

S 
32.234 
32.233 

dog. 

dog. 

2 

mctlniS 

FndlsiilS.... 
Fncttmll.... 

SunptoC 

Fxactini  IS.... 
SampteC 

VnctlniS 

SamptoH 

Samptol 

40.362 

40.904 

111.889 
112.103 

100.563 
100.604 

99.693 
100.180 
102.453 

99.748 
100.377 

99.436 
100.026 

99.914 

32.222 
32.228 
32.233 
32.239 
32.228 
32.232 
32.235 
32.230 
32.229 
32.234 

40.780 
40.978 

40.901 

145.439 

40.895 

20 

111.792 
105.286 
105.180 
112.033 
112.027 

40.792 
41.051 
40.659 
40.921 
40.857 

40.894 

21 

24 

40.893 
40.892 

28 

40.912 

M 

40.888 

Av 

32.231 

40.897 

• 
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2.  THB  ABSOLUTB  ROTATION  OF  THE  NORMAL  SOLUTION  FOR  WAVB 

LENGTH  5461  A 

The  observations  on  each  solution  included,  when  possible,  its 
rotation  in  circular  degrees  for  the  yellow-green  mercury  line 
X»  5461  A.  These  readings  were  made  on  the  same  day  as  the 
saccharimeter  readings,  either  preceding  or  following  them. 
The  accepted  rotation  was  the  mean  of  the  readings  of  two  ob- 
servers upon  two  or  three  polariscope  tubes  containing  portions 
of  the  same  solution.  The  practice  was  to  make  about  six  set- 
tings of  the  instrmnent  for  each  tube  and  an  equal  number  for 
the  zero  point  in  alternation.  Frequent  readings  of  the  ther- 
mometers in  the  air  bath  or  in  the  polariscope  tubes  were  also 
taken.  At  frequent  intervals  one  of  the  standard  quartz  plates 
was  read  in  order  to  ascertain  whether  the  rotations  were  con- 
sistent with  previous  measurements.  Bates  and  Jackson  applied 
a  correction  of  —  o?oo4  to  the  reading  of  the  normal  sucrose  solu- 
tion in  order  that  the  value  should  be  the  mean  of  the  various 
optical  systems  used  to  purify  the  light  source.  This  correction 
has  also  been  applied  in  the  present  instance  to  the  normal  solu- 
tion and  to  the  more  dilute  solutions  proportionately  to  the 
magnitude  of  the  rotation. 

The  observed  rotations  are  recorded  in  column  8  of  Table  3. 
These  values  were  transformed  to  give  the  rotations  of  the  normal 
solution  by  the  simple  relation: 

Normal  weight         ^     ^  ^^        .  j 

^T  :  t,^  4.  1 =""^ X  rotation  observed. 

Weight  taken  m  100  cc 

This  gave  a  value  of  the  normal  rotation  which  depended  upon 
the  assumption  that  the  specific  rotation  was  constant  over  the 
range  of  rotations  observed.  As  this  was  not  strictly  true,  a 
small  correction  was  applied.  It  will  be  shown  later  (p.  651)  that 
the  specific  rotation  varies  o?oi36,  or  0.0214  per  cent  for  each 
sugar-degree  deviation  from  the  normal  concentration.  Accord- 
ingly, a  correction  of  —0.00875  was  applied  for  each  sugar  degree 
above  ioo?oo  S  which  the  solution  rotated.  This  has  been  ap- 
plied in  order  to  obtain  the  corrected  values  in  oolumn  9.  The 
conclusion  is  that  light  of  wave  leng^  5461  A  is  rotated  40?897 
by  the  normal  solution  at  2o?oo.  It  is  evident  from  a  considera- 
tion of  the  data  now  available  that  the  rotary  dispersion  curves 
of  quartz  and  of  dextrose  deviate  considerably  from  each  other. 
The  normal  plate  which  gives  on  the  saccharimeter  a  rotation 
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identical  with  the  normal  dextrose  solution  rotates  wave  length 
5461  A  40?690y  while  the  dextrose  solution  rotates  it  40?897. 

There  is  thus  a  difference  of  o?2  in  the  rotation  of  this  wave 
leng^  when  the  quartz  wedges  are  set  for  a  photometric  match. 
Although  this  color  is  only  4  per  cent  transmitted  by  the  6  per 
cent  and  15  mm  bichromate  cell,  the  transmission  curve  ^  of  the 
latter  rises  abruptly  at  this  point  with  increasing  wave  length. 
We  must,  then,  conclude  that  the  photometric  field  is  consider- 
ably heterochromatic  and  the  eye  is  obliged  to  match  an  intensity 
of  one  color  by  a  supposedly  equal  intensity  of  a  slightly  different 
color.  For  sucrose"  the  normal  solution  rotates  wave  length 
5461  A  40^763,  which,  by  comparison  with  quartz  40? 690,  indi- 
cates a  much  closer  agreement  of  rotary  dispersion  curves.  We 
should,  therefore,  expect  a  lower  degree  of  reproducibility  in  read- 
ing dextrose  than  sucrose  solutions.  This  proves  in  some  meas- 
ure to  be  the  case,  but  in  the  process  of  taking  the  mean  of  a 
sufficient  mmiber  of  readings,  the  differences  apparently  disappear. 

Furthermore,  as  the  observer's  experience  increases  there  proves 
to  be  a  corresponding  improvement  in  reproducibility.  Thus^  in 
experiment  No.  i  the  readings  were  scattered  over  a  range  of  o?26  S; 
in  No.  2  the  greatest  difference  was  o?i2  S.  In  the  whole  series, 
exclusive  of  experiments  i  and  2,  the  two  observers,  reading  the 
same  solution  upon  the  same  instrument,  agreed  within  o?03  S. 

The  experiment  was  tried  of  doubling  the  concentration  of 
bichromate  solution,  but  it  did  not  appear  to  increase  the 
reproducibility  of  setting.  It  was  then  decided  to  postpone  any 
further  work  on  a  suitable  light  filter  tmtil  the  rotary  dispersion 
curve  of  dextrose  was  known  with  suitable  precision. 

3.  VARIATION  OF  SACCHARIMBTRIC  ROTATION  WITH  CONCENTRATION 

OF  SOLUTION 

In  addition  to  the  rotation  of  dextrose  at  the  normal  concentra- 
tion a  complete  series  of  measurements  was  made  at  each  of  foxu* 
other  concentrations,  namely,  4/5,  3/5,  2/5,  and  1/5  normality. 
At  each  of  these  concentrations  the  measurements  were  con- 
ducted in  exactly  the  same  manner  as  for  the  normal  concen- 
tration, the  rotations  being  compared  upon  two  saccharimeters 
with  the  readings  of  the  standard  quartz  plates. 

The  experimental  work  at  these  concentrations  is  recorded  in 
Tables  4,  5,  6,  and  7.    An  experiment  at  80*^  S.  may  be  taken  as 

^  Bureau  Standards  Circular  No.  44.  Appendix;  19x7.  »  This  Bulletin,  IS,  p.  1x7;  X9X6. 
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an  example.  About  4/5  the  normal  weight  was  weighed  in 
the  volumetric  flask,  dried,  weighed,  and  dissolved  in  the  usual 
manner,  the  data  being  given  in  columns  3,  4,  and  5.  Its  rotation 
was  measured  with  all  the  precautions  and  with  as  many  settings 
of  the  instruments  as  in  the  case  of  the  normal  solution.  The 
mean  of  these  readings  is  given  in  column  6.  The  rotation  of  the 
4/5  normal  solution  was  computed  by  the  relation 

Observed  rotation       ,   ,, 
Concentration     X4/5X3^-23i 

The  result  of  this  computation  would  be  true  if  the  specific  rotation 
were  constant  over  the  range  of  the  observed  rotations.  This  is 
not  strictly  so,  and  accordingly  a  small  correction  obtained  in  the 
manner  indicated  for  the  normal  solution  has  been  applied.  The 
corrected  values  are  given  in  column  7.  The  mean  of  column  7  in 
Table  4 — namely,  79.639 — shows  the  result  of  a  very  considerable 
deviation  of  specific  rotation  with  change  of  concentration.  If 
the  specific  rotation  were  constant,  the  4/5  normal  solution 
would  have  read  80.000.  The  measurements  illustrate  the  impor- 
tance of  applying  a  correction  for  concentration  when  the  solution 
deviates  from  the  normal.  Although  the  deviation  of  specific 
rotation  is  progressive  as  the  dilution  increases,  the  correction 
passes  through  a  maximum.  If  expressed  in  percentage  of  the 
measm-ed  rotation,  the  correction  is  linear. 

TABLE  4 
Data  on  the  Concentxatlon  and  Rotation  of  the  4/5  Normal  Solntioa 


B^t.No. 


9. 
10. 
22. 
23. 
30. 
40. 
52. 


At. 


Datlfnatiaii  of 
lampto 


Sample  A. 

.....do 

Sunplol.. 
Sunpto  C. 


Sun^  J... 
FncUoii  16. 


Weight 

ot 
doitfooo 

(■It, 


weights) 


S 
33.5756 

25.7430 
33.4408 
25.6511 
25.8337 
25.5835 
25.6668 


Weight 

of 
■ohitloii 

(•If. 

broM 

weights) 


S  ■ 
142.314 

109.607 
142.259 
109.622 


109.548 


Voliimo 

of 
solution 


cc 
130.018 
100.183 
130.004 
100.223 
100.181 
100. 181 
100.184 


Average 
observed 
rotatioii 
on  two 
saochs- 
rlmetefs 


sogtrdeg. 
79.755 
79.368 
79.445 
79.023 
79.646 
78.870 
79.123 


Sotetlui 

of  4/5 

noimal 

sohitlon 


sugar  deg. 
79.633 
79.647 
79.639 
79.623 
79.639 
79.647 
79.642 

79.639 


Rotstton 
observed 
X-5461A] 


8 


dog. 


32.459 

32.495 

32.321 

32.5825 

32.270 

32.354 


RotaUsn 

of  4/5 

nonnal 

sofasttai 

X-5461A 


deg. 


32.572 
32.575 
32.567 
32.579 
32.588 
32.566 

32.5745 


Joikton} 
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TABLE  5 
Data  on  the  Concentratloii  and  Rotation  of  the  3/5  Nonnal  Solution 


&9C»  Ne. 


13. 
14. 
17. 
18. 
34. 
38. 
55. 


A?. 


Des*giuitloii  of 
ssBiple 


Fraction  8. 
do..... 


Sample  C. 

do 

mctlonl7. 
Sample  I... 
Vractlon  15. 


Weyht 

doitiose 
(air, 
brass 

weights) 


Welitht 
of 

sohitieii 

(air. 

brass 

wei|^) 


s 

S 

19.4069 

107.245 

19.5009 

107.321 

18. 7139 

20.0355 

107.509 

19.6780 

107.344 

18.9178 

101.014 

17.6856 

Vohime 

of 
solatton 


cc 

100.181 

100.223 

94.121 

100.223 

100.181 

94.121 

90.801 


Average 
observed 
lolatieii 
on  two 
sacdia- 
rlmeters 


sugar  dog. 
59.597 
59.910 
61.173 
61.524 
60.437 
61.846 
59.912 


Sotatioii 

of  3/5 

normal 

sohitlon 


sogtfdeg. 
59.488 
59.539 
59.477 
59.490 
59.490 
59.475 
59.480 


59.491 


observed 
X-5461  A 


8 


24.371 
24.486 
25.013 
25.160 
24.710 
25.303 
24.512 


of  31/5 
normal 
sohition 

X-5461A 


deg. 

24.325 
24.334 
24.320 
24.328 
24.323 
24.333 
24.335 


24.328 


TABLE  6 


Data  on  the  Concentiation  and  Rotation  of  the  2/5  Nonnal  Solution 


xai^*  No. 

• 

Deslgnatlenof 
sample 

Wel^ 
of 

(aU. 

brass 

weights) 

solution 

(air. 

brsss 

weights) 

Volume 

ol 
sohxtion 

Average 
observed 
relation 
en  two 
saccfaa- 
rlmeters 

Rotation 

of  2/5 

Rotatton 
observed 
X-5461A 

SolBtIm 

0I2/5 

normal 

solution 

X-5461A 

1 

2 

3 

4 

5 

6 

7 

8 

9 

11 

Sam^A 

mctlonS 

Sample  A 

CUUQXDie  JBft .  «  •  . 

. . . .  .  QO. ........ 

..  ...do.. 

Sam^B 

S 
12.8269 
17.2069 
13.2657 
12.1053 
12.1226 
12.9342 
12.2315 

S 

104.818 
136.190 
104.763 
96.453 
96.470 
104.817 

cc 

100.223 

130.016 

100.000 

94.121 

94.121 

100. 181 

94.121 

sugar  deg. 
39.200 
40.558 
40.623 
39.372 
39.456 
39.529 
39.807 

sugar  deg. 
39.490 
39.501 
39.470 
39.468 
39.495 
39.473 
39.488 

deg. 

16.032 

16.577 

16.603 

16.094 

16.140 

16.161 

16.268 

deg. 
16.151 

15 

16.145 

16 

16.132 

81 '.. 

16.133 

43 

46 

50 

16.156 
16.138 
16.138 

Av 

39.484 

16.142 

F.  P.  Phelps  very  kindly  performed  a  least  square  adjustment 
of  the  straight  line  representing  the  percentage  deviation  of  rota- 
tion from  strict  proportionality.  In  this  adjustment  the  normal 
weight  was  taken  as  the  fixed  value  32.231  g  and  the  remaining  four 
series  weighted  in  proportion  to  the  magnitude  of  the  rotation. 

The  corrections  to  be  applied  are  given  for  5*^  S  intervals  in 
Table  8.  These  quantities  are  valid  for  all  readings  in  a  200  mm 
tube.    If  the  solution  is  read  in  a  400  mm  tube,  the  reading  is 
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divided  by  2  to  find  the  correction.     The  latter  is  then  multiplied 
by  2  and  applied  to  the  original  reading. 

TABLE  7 
Data  <m  fhe  Coiic«iitratioii  and  R<»tatioii  of  the  1/5  Nonnal  Soiutum 


S^pC*lVo* 


19. 
26. 
33. 
37. 
41. 
49. 
53. 


A?. 


DfntpwHim  of 
Minple 


SttDBpleC.. 
Fnctkn  8.. 
Vnctlnil?. 


.do. 


Sample  D. 
San^leS. 


Weight 
of 


Ulr, 

brass 

weights) 


S 
6.8326 
6.7750 
6.8384 
6.6511 
6.9544 
8.6443 
6.0056 


Weight 
et 

sofastioii 
(air, 
brass 

weights) 


f 
102.503 
102.523 
102.550 
102.440 
102.551 
132.936 
92.251 


Vohune 

of 
sohition 


cc 

100.181 
100.223 
100.223 
100.181 
100.181 
130.000 
90.214 


Average 
otMerved 
rotathni 
on  two 
saccfaa- 
rimeters 


sugar  deg. 
20.813 
20.631 
20.823 
20.235 
21.144 
20.230 
20.291 


of  1/5 
normal 
sohition 


sugar  deg. 
19.666 
19.670 
19.668 
19.«44 
19.628 
19.609 
19.645 


19.647 


SetaUon 
otMorved 

X-5461A1 


deg. 
8.506 

8.442 
8.518 
8.292 

8.658 
8.287 


Rotation 

of  1/5 

normal 

solntioii 

X-5461A 


deg. 
8.038 
8.049 
8.045 
8.050 
8.038 
8.032 


8.042 


As  has  been  stated,  Browne  computed  a  similar  table  by  using 
ToUens'  data  on  the  specific  rotation.  Browne's  table  gives  very 
similar  values  at  the  higher  values  of  the  rotation,  but  it  deviates 
from  the  present  direct  determination  at  the  lower  rotations.  For 
example,  the  corrections  at  80°  S,  40°  S,  and  20^  S  are  according 
to  Browne's  computation  +.035,  +0.48, and  +  0.30, respectively, 
The  corresponding  corrections  from  the  present  work  are  +0.35, 
+0.53,  and  +0.35.  The  deviation  seems  to  cast  some  doubt 
upon  the  second  order  correction  of  the  specific  rotation  formula 
of  ToUens  from  which  Browne's  data  were  computed. 

TABLE  8 
Corrections  to  be  Applied  to  Sacchaiimetric  Readings  of  Beitxoee  Solutions 


Scale 
resding 

Cerrectlui 

to  be 

added 

Sode 

(^ofreccna 

to  be 

added 

Scale 
reading 

Cenectioa 

to  be 

added 

100 
95 
90 
85 

80 
75 
70 

0 
0.10 
0.20 
0.28 
0.35 
0.41 
0.46 

65 
60 
55 

SO 
45 
40 
35 

0.50 

0.525 

0.54 

0.55 

0.54 

0.53 

0.50 

30 
25 
20 
15 
10 
5 
2 

0.46 
0.41 
0.35 
0.28 
0.20 
0.10 
0.05 

L 
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4.  TBB  SFBCmC  ROTATION  OF  DEZTROSB  FOR  WAVE  UBNGTH  5461  A 

AND  rrs  INTERPOLATION  FORMULA 

In  coluxmis  8  of  Tables  4, 5, 6,  and  7  are  given  the  absolute  rota- 
tions of  the  solutions  at  each  of  the  four  concentrations  less  than 
normal  for  the  wave  length  5461  A.  The  readings  were  as  numer- 
ous and  as  caref tilly  observed  in  each  experiment  as  in  the  case  of 
the  normal  solution*  The  accepted  mean  was  converted  into  the 
rotation  of  the  n/5  normal  solution  by  the  simple  arithmetical 
proportion  and  application  of  the  correction  for  the  change  of 
specific  rotation  when  the  concentration  differed  from  the  nor- 
mality desired.  These  corrected  values  are  recorded  in  columns 
9  of  Tables  4,  5,  6,  and  7. 

The  mean  monochromatic  rotations  for  the  five  concentrations 
are  collected  in  Table  9  and  the  values  converted  into  specific 
rotations  by  the  f ormtda 

"••  a  X  100.00 


H^ 


HHA  2  X  weight  dextrose  in  vacuo 

In  calculating  fhe  atmospheric  buoyancy  correction  themeanvalue 
of  the  density  of  anhydrous  dextrose  was  taken  to  be  i  .54.  This 
is  the  rounded-off  mean  of  three  values  reported,**  namely^  those  of 
Pionchon  (1.538),  Bodecker  (1.5384),  and  Schoorl  (1.544).  Th« 
density  of  the  air  in  the  balance  case  was  computed  from  its  tem- 
perature and  the  barometric  pressure. 

TABLE  9 
Smmiiaiy  of  Data  on  Monoduomatic  Rotations  of  Deztcoao  Solutions 


ITocnislily  of  solistlflB 


Vacaimi 

dCHtfOM 

inlOOec 


MMervted 

X- 5461 A 


Rotetion 


frani 
teaiUa 


[ 


a 

cateoijrfad 
froQi 


4/5  N. 
Zl$V. 
2iS7X. 
1/5  N. 


S 
82.2515 
25.801 
19.351 
12.9005 
6.4503 


deg. 
40.897 
S2.574f 
24  328 
16.142 

8.042 


deg. 
4a  898 

32.576 

24.326 

16.147 

8.038 


63.404 
63.129 
62.855 
68.581 
62.806 


*  ▼.  Upfniaiui,  Die  Chcmie  der  Zu^cnuten,  I«  p.  965;  1904. 
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As  is  apparent  from  column  5  of  Table  9  the  specific  rotation 
undergoes  a  considerable  dimtmition  as  the  concentration  of  dex- 
trose decreases.  A  graphic  plot  showed  that  the  relation  was  as 
closely  linear  as  could  be  judged  from  the  accuracy  of  the  experi- 
ments. Mr.  Phelps  performed  a  least  square  adjustment  of  the 
straight  line  representing  these  values,  weighting  all  points  in 
proportion  to  the  magnitude  of  the  rotation.  The  result  of  this 
computation  is  the  interpolation  formula :  . 


I 1 5461 


o 

62.032+0.04257  c 

5461A 


where  c  is  grams  of  dextrose  weighed  in  vacuo  and  contained  in 
100  cc  of  solution.  This  formula  is  valid  for  values  of  c  between 
6  g  and  32  g. 

From  the  interpolation  formula  the  values  of  the  rotation  at 
each  concentration  were  calculated  and  are  recorded  in  column  4 
of  Table  9.    The  observed  values  are  in  column  3. 

It  is  frequently  convenient  to  express  concentration  in  per  cent 
by  weight  in  vacuo.  Consequently,  the  specific  rotation  has  been 
found  by  computation  to  be  the  following  function  of  the  per  cent 
dextrose: 

["1    ao.o 
a  I    -^62.032  +0.0422  /> +0.0001897  />* 

In  concluding  it  is  a  pleasure  to  acknowledge  Ihe  assistance 

rendered  by  Carl  F.  Snyder,  who  made  duplicate  observations  of 

the  rotations  measured. 

SUMMARY 

1 .  Dextrose  obtained  from  starch  conversion  products  and  from 
invert  sugar  has  been  purified  by  repeated  crystallization  from 
aqueous  solution.  A  portion  which  was  subjected  to  a  fractional 
crystallization  showed  essential  identity  in  all  its  frac^tions.  Pre- 
cipitation by  ethyl  alcohol  produced  a  similar  product. 

2.  The  material  after  losing  its  water  of  crystallization  at  60®  C 
was  freed  from  residual  moisture  by  heating  in  a  vacutun  at  60®  to 
80^  C  for  several  hours. 

3.  To  prepare  the  solutions  for  polarization  the  dextrose  was 
dried  and  the  final  weighing  made  after  it  was  transferred  to  the 
voltunetric  flask.  The  substance  was  dissolved,  made  to  voltune 
at  2o?o  C,  and  the  solution  weighed. 

4.  The  data  were  sufficient  for  the  calculation  of  the  density  of 
dextrose,  solutions.    The  following  formula,  valid  between  5  and 
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30  per  cent  dextrose,  gives  densities  reliable  to  3  or  4  units  in  the 
fifth  decimal  place: 

D—o-=  0.99840 +0.003788  /r+0.00001412  />* 
4 

where  p  is  per  cent  dextrose  by  weight  in  vacuo. 

5.  The  normal  weight  on  the  saccharimeter  scale  as  determined 
by  Bates  and  Jackson  is  32.231  g  weighed  in  air  with  brass  weights. 
This  weight  corresponds  exactly  with  26.000  g  of  sucrose  and  with 
conversion  factors  34.620  for  X  =  5892.5  A  and  40.690  for  X  = 
5461  A.  If  the  Herzfeld-SchSnrock  scale  (conversion  factor 
34.657)  is.  used,  32.264  g  must  be  taken  to  rotate  100.00  S. 

6.  The  rotations  at  concentrations  less  than  normal  are  fotmd 
to  deviate  considerably  from  proportionality.  A  table  is  given 
which  indicates  at  5*^  S  intervals  tiie  corrections  to  be  appKed  to 
the  saccharimeter  scale  reading. 

7.  The  rotation  of  the  normal  solution  for  X»546i  A  is  found 
to  be  40?897.  Since  the  normal  quartz  plate  rotates  40?690,  it 
is  shown  that  the  compensation  in  the  quartz-wedge  saccharimeter 
is  imperfect  and  a  slightly  heterochromatic  field  results.  This 
results  in  a  lower  degree  of  reproducibility  than  in  the  case  of 
sucrose.  This  is  overcome  by  an  increased  number  of  observations 
and  some  preliminary  experience  on  the  part  of  the  observer. 

8.  The  specific  rotation  for  X  =  546i  A  is  found  to  vary  con- 
siderably with  the  concentration  of  dextrose.  It  may  be  repre- 
sented by  the  formula, 


H2a ^^-^32 +0.04257  c 


when  c  is  grams  of  anhydrous  dextrose  weighed  in  vacuo  and  con- 
tained in  100  cc  of  solution,  or 


t~lao.o 


|ci6iA  ^2.032  +0.04220  p  +0.0001897  />* 

where  p  is  per  cent  anhydrous  dextrose  by  weight  in  vacuo. 
Washington,  July  7,  191 6. 
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FREEZING  POINT  OF  MERCURY 


By  R.  M  WObelm,  Amutatit  Physiciit 


The  temperature  at  which  mercury  freezes  is  of  importance  in 
thermometry.  It  marks  the  lower  limit  in  the  use  of  mercurial 
thermometers,  and  its  location  at  about  -39^  makes  it  an  im- 
portant fixed  pomt  of  the  temperature  scale  below  o^  C. 

Among  the  investigators  who  made  precise  determinations  of 
this  constant  may  be  mentioned  Regnault,^  who  in  1862  obtained 
-38?5o,  B.  Stewart,*  1863,  whose  value  -38?85  was  the  result  of  a 
very  excellent  experiment  in  which  a  constant  voltune  gas  thermom- 
eter was  used,  Vicenttni  and  Omodei*  in  1888,  Chappuis^  in  1896, 
and  C.  Chree*  in  1898,  who  obtained  the  values  —  38?8o  ±o?o2, 
—  38?85,  and  '--38?86,  respectively,  using  mercurial  thermome- 
ters wludi  had  b^n  previously  compared  with  a  gas  thermometer. 
The  latest  determination  of  this  point  was  made  by  Henning ' 
in  1 91 4.  He  obtained  the  value  —  38789,  using  platinum  resist- 
ance thermometers  which  had  been  compared  .with  a  gas  ther- 
mometer. The  above  values  are  fairly  consistent  and  would 
indicate  the  freezing  point  of  mercury  to  be  in  the  neighborhood 
of  —  38?8,  However,  two  determinations  of  this  point,  —  39?44 
and  —  39?38,  attributed  to  Hutchins'  and  Cavendish,' who  inves- 
tigated the  subject  in  the  period  1 776  to  1 783,  have  been  published 
along  with  the  later  values  and  apparently  have,  in  many  cases, 

>  Hem.  d.  I'Acad.,  M,  p.  595;  i86a.  *  FbiL  SCag..  iS,  p.  ta4;  tdgA. 

1  Fbii.  Tnnfl.,  188,  p.  425;  1863.  •  Amnkn  der  FhyiDc  (4).  4t,  p.  agi;  19x4. 

>  Atti  ddk  R.  Ace.  di  Torino,  tt;  1887.  ^  FhiL  Tnms.;  1776. 
«  Compt  read,  de  la  Coaf^renoe  OAi^nk,  p.  991;  1896.       >  Phil.  Ttam.;  xtSs. 
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been  given  equal  weight  with  them,  although  these  early  deter- 
minations are  obviously  entitled  to  little  weight. 

All  the  evidence  at  present  available  indicates  that  the  scale 
defined  by  the  platinum  resistance  thermometer,  when  calibrated 
at  0°,  100®,  and  444?6  (the  boiling  point  of  sulphm:  •),  defines 
temperatures  in  agreement  with  those  given  by  the  hydrogen 
thermometer  down  to  —  40^  C.  A  redetermination  of  the  freezing 
point  of  mercury  on  the  scale  defined  by  the  resistance  ther- 
mometer seemed,  therefore,  of  value. 

SAMPLES  OF  HERCURT 

The  freezing  points  of  three  different  samples  of  mercury  were 
observed.  These  three  samples  were  ftunished  by  Mr.  Mc- 
Kelvy,  of  this  Btureau,  and  were  designated  as  "U.  S.  P.,"  "An- 
ode," and  "Hulett  Still."  The  modes  of  purification  were  as 
follows:  U.  S.  P.:  Piuified  to  meet  the  test  requirements  of  the 
U.  S.  Pharmacopoeia.  Anode:  Electrol3^zed  in  a  mercurous  ni- 
trate solution  with  the  mercury  as  anode.  About  5  per  cait  was 
deposited  on  the  cathode  to  eliminate  metals  more  electroposi- 
tive than  mercury.  The  product  remaining  on  the  anode  was 
then  once  distilled  in  vacuum.  Hulett  Still:  An  anode  sample 
was  distilled  in  a  Hulett  still  under  reduced  pressure  with  a 
stream  of  air  bubbling  through  the  mercury.  The  last  named 
of  the  three  samples  would  thus  be  considered  to  be  the  purest 
However,  the  three  samples  showed  no  difference  in  electromotive 
properties  when  used  in  a  normal  cadmium  cell,  nor  do  the  re- 
sults of  the  freezing-point  determinations  indicate  the  existence 
of  any  difference  between  the  three  samples. 

THERMOMETERS  AND  MEASURDTG  mSTRUMENTS 

The  three-resistance  thermometers  used  were  selected  from  a 
number  made  by  H.  K.  Griffin,  of  this  Bureau,  about  a  year  ago. 
These  thermometers  were  made  with  potential  terminals  and  tiie 
coils  were  wound  to  give  a  flexible  mounting  for  the  wire  in  the 
manner  described  by  Waidner  and  Burgess.*® 

The  highest  purity  Heraeus  wire  was  used  for  the  coils,  and  short 
(2  cm)  lengths  of  the  same  wire  were  used  for  the  connections 
between  the  ends  of  the  coil  and  the  gold  lead  wires.  The  glass 
tubes  in  which  the  thermometer  coils  were  inclosed  were  closed  at 
the  top  with  plugs,  sealed  in  with  Khotinski  cement,  through 

*  Hetumig  used  44495  X ,  but  this  introduces  a  difference  of  (mly  a  *oo4  between  the  two  sca^ 
point  of  mercury. 
>*  Waklner  and  Burgess,  this  BnllcUn.  •.  p.  155;  1910. 
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which  the  lead  wires  passed.  In  this  way  access  of  moisture  to  the 
coils  was  prevented.  The  dimensions  and  constants  of  these 
thermometers  are  given  in  the  Table  i . 

TABLE  1 

[R«— mean  obieived  reslstence  at  0*;  F.  I.— roaiatance  at  100*  minua  reaJatance  at  0*;  8— conatant  in 

Callendar  fonnula] 


Xli0xniflni6tar 


C28 

ca4 

022 


Ro 

F.L 

F.L 
Ro 

i 

Dlama- 

terof 
wire 

coU 

mm 

cm 

2.5373 

a99360 

a  39160 

1.496 

0.15 

4 

iaoi43 

3.9143 

aooaa 

1.496 

.1 

5 

2S.5474 

9.9875 

.39094 

1.495 

.1 

8 

Internal 

diameter 

oltube 


cm 


0.5 
.8 
.8 


The  thermometers  were  calibrated  in  the  ordinary  way  at  o®, 
100®,  and  the  sulphur  boiling  point  (444?6  at  normal  pressure). 
For  the  calibration  use  was  made  of  a  new  sulphur  boiling  point 
apparatus  to  be  described  by  Mueller  and  Burgess  in  a  paper  to 
appear  later  in  this  Bulletin. 

The  heating  effect  on  the  thermometers  of  the  measuring  current 
used  was  investigated.  This  effect  is  proportional  to  the  square  of 
the  current  and  was  found  to  be  the  same  at  o®,  loo,  and  —39®; 
thus  no  significant  error  could  have  been  introduced  from  this 
source. 

Table  2  shows  the  magnitude  of  this  effect  for  the  thermometers 
used. 

TABLE  2 


Usual 

measuring 

current 

Inmim- 

amperea 

Heatlnc  effect— 

Thennometer 

PermUU- 
ampere* 

Fornanal 
current 

C22 

2 

3 

4 
1 

'C 

0.0004 
0.0003 
0.0002 

•c 

a  0016 

C24 

0.0027 

C28 

0.0032 

Three  different  Wheatstone  bridges  and  also  a  potentiometer 
and  standard  resistance  were  used  in  making  the  resistance  meas-. 
moments.  These  bridges  were  designed  at  this  Bureau.  The 
bridges  used  are  described  "  in  Scientific  Papers  241  and  288.  By 
using  a  commutator  as  described  by  Mueller*'  the  resistance 
between  the  potential  terminals  of  the  thermometers  could  be 
measured. 


"  This  Bulletin,  11,  p.  571;  1914.    Ibid,  IS,  p.  547;  1926. 


>*  Ibid,  IS,  p.  556;  Z9z6. 
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The  bridges  were  calibrated  in  terms  of  international  ohms,  90 
that  they  could  be  used  iaterchangeably.    The  potentiometer  was 
of  the  Diesselhorst  type  made  by  Otto  Wolff.    The  potentiometer 
was  used  to  seciiie  a  check  method  but  it  did  not  give  as  high  pre- 
cision ,  at  least  with  the  towresist- 
tmce  thermometer,  as  the  Wheat- 
stone  tnidge  method. 


The  mercury  was  frozen  in  a 
glass  tube  2  cm  inside  diameter 
and  about  34  cm  long.  This  tube 
wasinserted  in  another  glass  tube 
3  cm  inside  diameter.  The  ther- 
mometer and  tubes  were  held  in 
position  by  corks.  Fig.  i  is  a 
sketch  of  this  apparatus  showing 
one  of  the  thermometers  in  por- 
tion. About  38  cc  of  mercury 
was  used  which  filled  the  inner 
tube  to  a  depth  of  about  1 2  cm, 
■  which  was  increased  to  from  13 
to  1 6  cm  when  the  thermometer 
was  introduced. 

In  freezing  the  mercury  the 
tubes  containing  it  were  im- 
mersed to  a  depth  of  about  20 
cmiaa  stirred  bath  which  could 
be  cooled  to  —  50°  by  expanding 
carbon  dioxide  through  a  coil  im- 
mersed in  a  liquid  consisting  of  a 
mixture  of  gasoline  and  carbon 
tetrachloride.  Under  these  con- 
ditions the  temperature  of  the 
freering  mercury  remained  con- 
stant  sometimes  for  as  long  as  30 
FW.  i.-F»*Ming  point  l«b,lvithlh*nmm^J^^^J^^       j^  ^J^^^  ^a^  ^jj^^ 

a  complete  freezii^  and  melting 
point  curve  was  desired  the  bath  was  held  at  a  temperature  lower 
than  the  freezing  temperature  until  the  entire  mass  of  the  mercury 
had  frozen  and  its  temperature  had  begun  to  fall.  If  the  bath  were 
then  allowed  to  heat  up  to  a  temperature  higher  than  the  freezing  - 
temperature,  the  melting  point  could  be  observed. 
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Care  was  taken  to  insure  that  the  thermometer  coil  was  suffi- 
ciently immersed  in  the  mercury.  Conduction  down  the  leads 
might  cause  a  higher  or  lower  reading,  depending  on  whether  the 
surrounding  bath,  and  thus  the  air  above  the  mercury,  was  at  a 
higher  or  lower  temperature  than  the  mercury.  Errors  from  this 
source  would  be  more  likely  to  occur  in  the  use  of  thermometer 
C  22,  the  coil  of  which  was  longer  than  those  of  the  other  two. 
The  eflFect  of  raising  and  lowering  the  thermometer  while  the 
mercury  was  freezing  was  observed  for  C  22.    It  was  found  that 
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FlO.  2, — Freezing  and  melting  point  curve 

an  immersion  of  13  cm  (measured  from  end  of  tubing)  was  suffi- 
cient to  eliminate  this  source  of  error.  The  absence  of  any  dis- 
turbing effects  due  to  conduction  is  also  attested  by  the  fact  that 
the  results  obtained  were  independent  of  the  outer  bath  tempera- 
tvu-e,  which  varied  from  below  —  50**  up  to  —  30°. 

FREEZING  AND  MELTING  POINT  CURVES 

Fig.  2  shows  a  typical  freezing  and  melting  point  curve.  A 
supercooling  of  several  tenths  of  a  degree  precedes  the  constant 
temperature  assumed  later  when  freezing  is  taking  place.  No 
significant  difference  was  noted  between  the  temperatures  of  the 
freezing  and  melting  points. 
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RESULTS 

The  results  are  given  in  Table  3.  The  mean  of  the  freezing 
points  obtained  by  the  bridge  method  of  resistance  measm^ment 
with  all  of  the  thermometers  was  —  38^.871  for  the  U.  S.  P.  mercury, 
—  38^872  for  the  anode  mercury,  and  —38^872  for  the  Hulett 
still  mercury.  The  mean  of  all  results  obtained  using  the  bridge 
method  of  resistance  measurement  is  —  38^.872,  while  the  mean 
result  by  the  less  precise  potentiometer  measurements  is  —  38^.875. 
The  mean  of  all  the  freezing  point  determinations  is  —  38?873  and 
the  mean  of  the  melting  point  determinations  is  the  same. 

TABLE  3 


Date 


1916 
Feb.?.. 
Fab.  8.. 
Da.... 
Mar.  11. 
Ayr.  3... 


Maan. 


Max.  13... 

1915 
Aug.  14. . . 

1916 
Jan.  22... 
Mar.  11.. 


Maan. 

Mar.  13. 

Mar.  20. 

Maan. 


Jan.  19.. 
Jan.  27.. 
Jan.  28.. 

Da.... 

Da.... 
Mar.  11... 


Thar- 
nuunatar 


0  22.. 
..do.. 
..do.. 
..do.. 
..do.. 


€22. 


C24. 


.do... 
.do... 


024. 
...do. 


Maan. 


.Mar.  11.. 
Mar.  21.. 

Mean. . 


0  28. 
...do. 


Ro 


25.5473 
25.5472 
25.5472 
215475 
25.5475 


25.5479 

la 01438 

la  01438 
la 01402 


Rt 


028.... 

...do 

...do — 
...do.... 
...do.... 
...do.... 


la 01416 
la 01432 


2.53740 
2.53734 
2. 53731 
2.53731 
2. 53731 
2.53726 


2. 53703 
2.53729 


21.5843 
21.5843 
21.5845 
21.5844 
21.5842 


21.5848 

a  46127 

8.46127 
&  46104 


8.46109 
a46087 


2.14310 
2. 14311 
2.14305 
2.14303 
2.14304 
2. 14301 


2. 14273 
2.14296 


-^872 
-^872 
—38.874 
—38.874 
—38.875 


—38.873 


—38.874 


-«J.871 

—88,871 
—38.868 


Sample  ol 
merctuy 


—38.870 


—38.870 
—38.877 


-«J.874 


—38.875 
—38.868 
—38. 871 
—38.873 
—38. 872 
—38.870 


—38.872 


—38.875 
—38. 877 

-«J.876 


Anode. 
....do. 


....do 

Hulett  atiU. 
....do 


do.. 


.do. 


U.S.  P.... 
Hulett  atU. 


.do. 
.do. 


u  ■  s.  f . . .  < 

....do 

.do 

....do 


Anode 

Hulett  BtlU. 


.do. 
.do. 


Meaaoring  faiitru- 


Brldga  11672. 
do 


do 

Bridge  1648. 
do 


Potantlematar  11576. 


Bridge  1648. 


Bridge  7481. 
Bridge  1648. 


armalUag 
point 


Freailng. 

Do. 
laeiting. 


Do. 


Potentiomatar  11576. . . 
do 


Bridge  7481. 
....do 


Bridge  1648. 

.....do 

Bridge  7481. 
Bridge  1648. 


Potentiometer  11576. 
do 


Da. 

DOb 

DOb 
DOb 


DOb 
DOb 


Matting. 
Do. 


Matting. 
Freasing. 
Do. 


Do. 
Da. 


wsidm]  Freezing  Point  of  Mercury  66 1 

These  results  show  that  the  precision  attainable  in  the  deter- 
mination of  the  freezing  point  of  mercury  is  better  than  o^.oi .  It 
seems  probable  that  the  experimental  conditions  were  varied  suffi- 
ciently in  the  present  work  to  preclude  the  possibility  of  a  sys- 
tematic error  of  as  much  as  o^.oi  in  the  result,  expressed  on  the 
scale  defined  by  the  platinum  resistance  thermometer.  The  diflFer- 
ence  between  this  result  (  —  38^.87)  and  that  found  by  Henning 
(  —  38^.89),  also  in  terms  of  the  scale  defined  by  the  platinum 
resistance  thermometer,  is  greater  than  would  be  expected  from 
the  accidental  errors  of  either  determination.  It  seems  improba- 
ble that  the  discrepancy  is  due  to  impurities  in  the  mercury, 
although  it  is  known  that  the  method  of  piuification  used  by 
Henning  (distillation  in  vacuum)  *'  is  not  effective  in  removing 
traces  of  certain  metals.  » 

SUMMARY 

The  freezing  point  of  mercury  was  determined,  using  platinum 
resistance  thermometers. 

A  short  historical  sketch  gives  the  names  of  previous  investi- 
gators, their  methods  of  temperatiu'e  measurement,  and  values 
obtained. 

Nineteen  determinations  were  made  on  three  samples  of  mer- 
cury purified  by  diflferent  methods.  Three  resistance  thermom- 
eters having  resistances  in  melting  ice  of  approximately  2.5,  10, 
and  25  ohms,  respectively,  were  used.  Resistance  measurements 
were  made  both  by  the  Wheatstone  bridge  method  and  the  poten- 
tiometer method. 

The  result  of  all  the  measiu-ements  gives  —38^.873  for  the 
freezing  temperature.  The  maximum  deviation  of  any  determi- 
nation from  the  mean  is  0^.005. 

Washington,  August  i,  191 6. 

"  Geo.  A.  Hulett  and  Howard  D.  Minchin,  Phys.  Review,  21.  p.  38S;  1905. 
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